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then stripped and mouse monoclonal anti-Na,K-ATPase !1-antibody
clone C464–6 (Upstate Millipore) were applied for detection of the
total amount of !1 subunit. Appropriate horseradish peroxidase-
conjugated secondary antibodies were applied and enhanced chemi-
luminescent detection system (Fujifilm LAS-3000 System; Fujifilm
Life Science) was used for detection. Antinitotyrosine antobodies
(Antinitrotyrosine, clone 1A6, HRP conjugate from Upstate; cat No.
16-207; 1:1,000 dilution) were used to assess tyrosine nitration. As a
negative control for the staining nitrocellulose membrane after the
transfer was incubated for 1 min (room temperature) in 100 mM
Na2S2O4 (in 100mM Na2B4O7, pH 9). Afterward it was washed and
probed with antinitrotyrosine antibody according to the protocol. No
staining was detected after Na2S2O4 pretreatment indicating that the
signal from the antibodies was specific for nitro-tyrosine. ImageJ
software was used for quantification of the recorded signals. Total-
actin (Sigma; A2066) was used as a loading control.
Biotin-switch. S-nitrosylation of the !1-subunit of Na,K-ATPase in
the rat ventricular homogenate was assessed using the S-Nitrosylated
Protein Detection Kit (Cayman Chemical Ann Arbor, MI). Briefly, in
the first step free thiols are blocked by incubation with the thiol-
specific methylthiolating agent methyl methanethiosulfonate (MMTS).
After block of free thiols, nitrosothiol bonds are selectively decom-
posed with ascorbate, which results in the reduction of nitrosothiols to
thiols. In the last step, the newly formed thiols are reacted with
N-[6-(biotinamido)hexyl]-3=-(2=-pyridyldithio)propionamide (biotin-
HPDP), a sulfhydryl-specific biotinylating reagent. Labeled proteins
can were detected by immunoblotting with antibiotin antibodies, after
SDS-PAGE (26). In parallel, we have used anti-S-nitrosocysteine
antibody [S-nitroso-Cys (SNO-Cys), Alpha Diagnostic, cat No.
NISC11-A, dilution 1:1,000] and were able to reproduce the findings
obtained using biotin switch assay.
RESULTS
Oxygen-dependence of Na,K-ATPase function. Perfusion of
isolated rat heart with autologous blood equilibrated with 20%,
15%, 10%, 5%, or 3% oxygen in gas phase for 45 min resulted
in decrease of autonomous heart rate to 42 " 4% of the
normoxic value of 254 " 50 beats/min (n # 16). The time
course of the response is reflected by a decrease in heart rate
when pO2 in the gas phase was decreased from 20% to 5% or
3% (Table 1 and Fig. 1A). Furthermore, the ECG showed
inversion of the T wave (Fig. 1B) characteristic of ischemic
myocardium in hearts perfused with blood equilibrated to 5%
or 3% O2 (30). Hypoxia-induced bradycardia was associated
Fig. 5. S-glutathionylation of thiols in the Na,K-ATPase !1 subunit in rat heart
exposed to hypoxia (5% O2) or normoxia (20% O2) with (open bars) an
without (filled bars) 300 $M L-NAME. The signal intensity for the S-
glutathionylated thiols in the !1 subunit in homogenate was normalized to that
of !1 abundance (see the original immunoblotting readouts above the quanti-
fication bar chart). Data are means of 8 independent experiments "SD. *
denotes P % 0.05 when compared with normoxic control and # indicates P %
0.05 when compared with the corresponding hypoxic control in the absence of
L-NAME (one-way ANOVA).
Table 2. Absolute values of GSH and GSSG content in
ventricular homogenates of rat and Spalax heart
Species, Condition GSH, $mol/mg GSSG $mol/mg
Rat, Rattus norvegicus
Normoxia 1.382 " 0.005 0.263 " 0.049
Normoxia L-NAME 1.221" 0.053* 0.358 " 0.075
Hypoxia 1.144 " 0.103* 0.321" 0.052
Hypoxia L-NAME 1.196" 0.083* 0.358 " 0.044
Mole rat Spalax judaei
Normoxia 1.412 " 0.109 0.028 " 0.014*
Hypoxia 1.294 " 0.143 0.011 " 0.096*
Mole rat, Spalax galili
Normoxia 1.232 " 0.109 0.023 " 0.038*
Hypoxia 1.263 " 0.147 0.040 " 0.074*
Values are means" SD. *P% 0.05 in unpaired t-test compared to the levels
in normoxic rat heart.
Fig. 4. The effect of hypoxia (5% O2) and introduction of 300mM L-NAME
in to perfusion blood on hydrolytic activity of Na,K-ATPase in ventricular
tissue homogenate. Inhibition of NO production under hypoxic conditions
results in significant increase of hydrolytic activity of Na,K-ATPase. Bars
represent means " SD; n # 4 animals. *P % 0.01 vs. normoxic (20% O2)
homogenate (1-way ANOVA); #P % 0.01 vs. hypoxic (5% O2) homogenate
(one-way ANOVA).
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Sp             MGKGVGRDKYEPAAVSEPTDKKGKKAKKERDMDELKKEVSMDDHKLSLDELHRKYGTDLS 60 
R               MGKGVGRDKYEPAAVSEHGDKKSKKAKKERDMDELKKEVSMDDHKLSLDELHRKYGTDLS 60 
 
Sp             RGLTPARAAEILARDGPNALTPPPTTPEWVKFCRQLFGGFSMLLWIGAILCFLAYGIRSA   120 
R               RGLTPARAAEILARDGPNALTPPPTTPEWVKFCRQLFGGFSMLLWIGAILCFLAYGIRSA   120 
 
Sp             TEEEPPNDDLYLGVVLSAVVIITGCFSYYQEAKSSKIMESFKNMVPQQALVIRNGEKMSI   180 
R               TEEEPPNDDLYLGVVLSAVVIITGCFSYYQEAKSSKIMESFKNMVPQQALVIRNGEKMSI   180 
 
Sp             NAEDVVVGDLVEVKGGDRIPADLRIISANGCKVDNSSLTGESEPQTRSPDFTNENPLETR   240 
R               NAEDVVVGDLVEVKGGDRIPADLRIISANGCKVDNSSLTGESEPQTRSPDFTNENPLETR   240 
 
Sp             NIAFFSTNCVEGTARGIVVYTGDRTVMGRIATLASGLEGGQTPIAEEIEHFIHLITGVAV   300 
R               NIAFFSTNCVEGTARGIVVYTGDRTVMGRIATLASGLEGGQTPIAEEIEHFIHLITGVAV   300 
 
Sp             FLGVSFFILSLILEYTWLEAVIFLIGIIVANVPEGLLATVTVCLTLTAKRMARKNCLVKN  360 
R               FLGVSFFILSLILEYTWLEAVIFLIGIIVANVPEGLLATVTVCLTLTAKRMARKNCLVKN  360 
 
Sp             LEAVETLGSTSTICSDKTGTLTQNRMTVAHMWFDNQIHEADTTENQSGVSFDKTSATWFA   420 
R               LEAVETLGSTSTICSDKTGTLTQNRMTVAHMWFDNQIHEADTTENQSGVSFDKTSATWFA   420 
 
Sp             LSRIAGLCNRAVFQANQENLPILKRSVAGDASESALLKCIELCCGSVSEMREKYAKIVEI   480 
R               LSRIAGLCNRAVFQANQENLPILKRAVAGDASESALLKCIEVCCGSVMEMREKYTKIVEI   480 
 
Sp             PFNSTNKYQLSIHKNPNPSEPKHLLVMKGAPERILDRCSSILLHGKEQPLDEELKDAFQN   540 
R               PFNSTNKYQLSIHKNPNASEPKHLLVMKGAPERILDRCSSILLHGKEQPLDEELKDAFQN   540 
 
Sp             AYLELGGLGERVLGFCHLLLPDEQFPEGFQFDTDEVNFPVDNLCFVGLISMIDPPRAAVP   600 
R               AYLELGGLGERVLGFCHLLLPDEQFPEGFQFDTDEVNFPVDNLCFVGLISMIDPPRAAVP   600 
 
Sp             DAVGKCRSAGIKVIMVTGDHPITAKAIAKGVGIISEGNETVEDIAARLNIPVNQVNPRDA   660 
R               DAVGKCRSAGIKVIMVTGDHPITAKAIAKGVGIISEGNETVEDIAARLNIPVNQVNPRDA   660 
 
Sp             KACVVHGSDLKDMTSEELDDILRYHTEIVFARTSPQQKLIIVEGCQRQGAIVAVTGDGVN   720 
R               KACVVHGSDLKDMTSEELDDILRYHTEIVFARTSPQQKLIIVEGCQRQGAIVAVTGDGVN   720 
 
! H"!
Sp             DSPALKKADIGVAMGIVGSDVSKQAADMILLDDNFASIVTGVEEGRLIFDNLKKSIAYTL  780 
R               DSPALKKADIGVAMGIVGSDVSKQAADMILLDDNFASIVTGVEEGRLIFDNLKKSIAYTL   780 
 
Sp             TSNIPEITPFLIFIIANIPLPLGTVTILCIDLGTDMVPAISLAYEQAESDIMKRQPRNPK   840 
R               TSNIPEITPFLIFIIANIPLPLGTVTILCIDLGTDMVPAISLAYEQAESDIMKRQPRNPK   840 
 
Sp             TDKLVNERLISMAYGQIGMIQALGGFFTYFVILAENGFLPFHLLGIRETWDDRWINDVED   900 
R               TDKLVNERLISMAYGQIGMIQALGGFFTYFVILAENGFLPFHLLGIRETWDDRWINDVED   900 
 
Sp             SYGQQWTYEQRKIVEFTCHTAFFVSIVVVQWADLVICKTRRNSVFQQGMKNKILIFGLFE   960 
R               SYGQQWTYEQRKIVEFTCHTAFFVSIVVVQWADLVICKTRRNSVFQQGMKNKILIFGLFE  960 
 
Sp             ETALAAFPSYCPGMGAALRMYPLKPTWWFCAFPYSLLIFVYDEVRKLIIRRRPGGWVEKE   1020 
R               ETALAAFLSYCPGMGAALRMYPLKPTWWFCAFPYSLLIFVYDEVRKLIIRRRPGGWVEKE   1020 
 
 
Sp             TYY          1023 
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RAT     1     MGKGVGRDKYEPAAVSEHGDKK--SKKAKKER---DMDELKKEVSMDDHKLSLDELHRKYGTDLSRGLTPARAAEILARD  75   
1A      1     MGLVKGKDDYKLAATSEDDGKKKSEKQVKKAKEKMDKDDLKKEVDLDDHKLTLDELNRKYGTDLARGLSSVRAKEILLRD  80   
1B      1     MGLGKGKDDYKLVATSEDNGNRKSKKEVKKAREKKDMDDLKKEVDLDDHKLTLDELHRKYGTDLARGLTSARAKEILLRD  80   
1C      1     MGRGEGREQYELAATSEQGGKKKNAKAMKKER---DMDELKKEVDLDDHKLTLDELNRKYGTDLSKGLSSAKAAENLARD  77   
3       1     MG--------------DKDGKSSPSKKNKKGK---DMDELKKEVPITEHKMSIEECCRKFNTDIVQGLTNAKAAEFLIRD  63   
2       1     MGKGSG---------AEYGDGK--KKK-KKEQ---ELDELKKEVSMDDHKISLDDLGRRYGVDLARGLTNAKALEVLARE  65    
 
RAT     76    GPNALTPPPTTPEWVKFCRQLFGGFSMLLWIGAILCFLAYGIRSATEEEPPNDDLYLGVVLSAVVIITGCFSYYQEAKSS  155  
1A      81    GPNTLTPPRTTPEWVKFCKQLFGGFCMLLWIGAVLCFIAHIIQVTSEEEPTNANLYLGLVLAVVVIITGCFSYYQEAKSS  160  
1B      81    GPNTLTPPPTTPEWVKFCRQLFGGFSMLLWIGAMLCFLAYGIQAASEDEPANDNLYLGVVLSVVVIVTGCFSYYQEAKSS  160   
1C      78    GPNSLTPPPTTPEWVKFCKQMFGGFSMLLWTGALLCFLAYGIQAAMEDEPANDNLYLGVVLSAGVIVTGCFSYYQEAKSS  157   
3       64    GPNCLTPPPTTPEWIKFCRQLFGGFSILLWTGAILCFLAYAIQAATEDEPAGDNLYLGIVLSVVVVVTGCFSYFQEAKSS  143   
2       66    GPNVLTPPPTTPEWVKFCRQLFGGFSLLLWIGAILCFLAYSIQVATEDEPANDNLYLGVVLSAVVIITGCFSYYQEAKSS  145    
 
! H9!
RAT     156   KIMESFKNMVPQQALVIRNGEKMSINAEDVVVGDLVEVKGGDRIPADLRIISANGCKVDNSSLTGESEPQTRSPDFTNEN  235  
1A      161   KIMDSFKNLVPQQALVVRDGEKKNINTEEVVVGDIVEVKGGDRIPADLRIVSASGCKVDNSSLTGESEPQTRSPDFSNDN  240  
1B      161   KIMDSFKNLVPQQALVVRDGEKKNINAEEVVVGDLVEVKGGDRIPADLRIVSASGCKVDNSSLTGESEPQTRTPDFSNDN  240  
1C      158   KIMDSFKNLVPQQALVVRDGEKMNINAQQVVVGDLVEVKGGDRIPADLRIISASGCKVDNSSLTGESEPQTRTPDYSNDN  237   
3       144   KIMESFKNMVPQQALVIREGEKMTINAEEVVAGDLVEVKGGDRIPADLRVVSAHGCKVDNSSLTGESEPQSRSPDCTHDN  223   
2       146   RIMDSFKNMVPQQALVIREGEKMTINAELVVRGDLVEIKGGDRIPADLRVVSAAGCKVDNSSLTGESEPQTRTPEFTHEN  225    
 
RAT     236   PLETRNIAFFSTNCVEGTARGIVVYTGDRTVMGRIATLASGLEGGQTPIAEEIEHFIHLITGVAVFLGVSFFILSLILEY  315  
1A      241   PLETRNIAFFSTNCVEGTARGIVINTGDHTIMGRIAALAMSLESGQTPLGIEIDHFIEIITGVSVFFGVTFLILSVILGY  320  
1B      241   PLETRNIAFFSTNCVEGTARGIVINTGDHTVMGRIATLATSLEGGKTPIAKEIEHFIHIITGVAVFLGVSFFVLSLILGY  320  
1C      238   PLETRNIAFFSTNCVEGTARGIVINTGDRTVMGRIATLASGLEVGRTPISIEIEHFIHIITGVAVFLGMSFFVLSLILGY  317   
3       224   PLETRNVAFFSTNCVEGTARGIVVCTGDRTVMGRIATLTSGLESGKTPIAKEIEHFIHLITGVAVFLGITFFILAVCLGY  303   
2       226   PLETRNIAFFSTNCVEGTAHGVVVGTGDHTVMGRIATLASGLETGQTPINMEIEHFIQLITAVAVFLGVSFFILAIILGY  305    
 
RAT     316   TWLEAVIFLIGIIVANVPEGLLATVTVCLTLTAKRMARKNCLVKNLEAVETLGSTSTICSDKTGTLTQNRMTVAHMWFDN  395  
1A      321   GWLPSIIFLIGIIVANVPEGLLATVTVCLTLTAKRMAKKNCLVKNLEAVETLGSTSTICSDKTGTLTQNRMTVAHMWFDN  400  
1B      321   GWLEAVIFLIGIIVANVPEGLLATVTVCLTLTAKRMAKKNCLVKNLEAVETLGSTSTICSDKTGTLTQNRMTVAHMWFDN  400  
1C      318   SWLEAVIFLIGIIVANVPEGLLATVTVCLTLTAKRMAKKNCLVKNLEAVETLGSTSTICSDKTGTLTQNRMTVAHMWFDN  397   
3       304   TWLEAVIFLIGIIVANVPEGLLATVTVCLTLTAKRMAKKNCLVKNLEAVETLGSTSTICSDKTGTLTQNRMTVAHMWFDN  383   
2       306   TWLEAVIFLIGIIVANVPEGLLATVTVCLTLTAKRMAKKNCLVKNLEAVETLGSTSTICSDKTGTLTQNRMTVAHMWFDN  385    
 
RAT     396   QIHEADTTENQSGVSFDKTSATWFALSRIAGLCNRAVFQANQENLPILKRAVAGDASESALLKCIEVCCGSVMEMREKYT  475  
1A      401   QIHDADTTENQSGTSFDKSSATWAALARVAGLCNRAVFLAEQNNVPILKRDVSGDASETALLKCIELCCGSVKDMREKYS  480  
1B      401   QIHEADTTENQSGTCFDKSSATWASLARVAGLCNRAVFLAEQNNVPILKRDVAGDASESALLKCIELCCGSVKDMREKYS  480  
1C      398   QIHEADTTENQSGTSFDRSSATWAALARVAGLCNRAVFLAEQNGIPILKRDVAGDASESALLKCIELCCGSVQGMRDQYT  477   
3       384   QIHEADTTEDQSGASFDKTSASWAALARVAALCNRAVFKAGQDQLPILKRDTAGDASESALLKCIELSCGSVKQIREKNK  463   
2       386   MIHEADTTEDQSGATFDKSSATWHALSRVAGLCNRAEFKAGQETLPILKRDTAGDASESALLKCIQLSCGCVRSMRERNA  465    
 
RAT     476   KIVEIPFNSTNKYQLSIHKNPNASEPKHLLVMKGAPERILDRCSSILLHGKEQPLDEELKDAFQNAYLELGGLGERVLGF  555  
1A      481   KVVEIPFNSTNKYQLSIHENNMAGESNHLLVMKGAPERILDSCSTILLQGKEHPLDDEIKESFQKAYEALGGLGERVLGF  560  
1B      481   KIAEIPFNSTNKYQLSIHKNIVAGESNHLLVMKGAPERILDRCSTILIQGKEQTLNDELKEAFQNAYEELGGLGERVLGF  560  
1C      478   KVAEIPFNSTNKYQLSVHLNKNEGESKHLLVMKGAPERILDRCSTILIQGKEQPLDDEMKDSFQNAYMELGGLGERVLGF  557   
3       464   KVAEIPFNSTNKYQLSVHETEDPNDNRYLLVMKGAPERILDRCTTIIIQGKEQPMDEEMKESFQNAYMELGGLGERVLGF  543   
2       466   KVGEIPFNSTNKYQLSIHEQED-NENGHLLVMKGAPERILDRCSTILIHGQEVPMDANWNEAFQSAYMELGGLGERVLGF  544    
 
RAT     556   CHLLLPDEQFPEGFQFDTDEVNFPVDNLCFVGLISMIDPPRAAVPDAVGKCRSAGIKVIMVTGDHPITAKAIAKGVGIIS  635  
1A      561   CHFQLPDDQFPEGFDFDCEDVNFPTENLCFVGLMSMIDPPRAAVPDAVGKCRCAGIKVIMVTGDHPITAKAIAKGVGIIS  640  
1B      561   CHFQLPDDQFAEGFQFDCEEVNFPTENLCFVGLMSMIDPPRAAVPDAVGKCRSAGIKVIMVTGDHPITAKAIAKGVGIIS  640  
1C      558   CHFQLPDDQFAEGFQFDCEEVNFPTENLCFVGLMSMIDPPRAAVPDAVGKCRSAGIKVIMVTGDHPITAKAIAKGVGIIS  637   
3       544   CHLLMPEDQYPKGFAFDCDDVNFTTESLCFVGLMSMIDPPRAAVPDAVGKCRSAGIKVIMVTGDHPITAKAIAKGVGIIS  623   
2       545   CHLPLSPAQFPRGFSFDCEEVNFPIKGLCFVGLMSMIDPPRAAVPDAVGKCRSAGIKVIMVTGDHPITAKAIAKGVGIIS  624    
 
RAT     636   EGNETVEDIAARLNIPVNQVNPRDAKACVVHGSDLKDMTSEELDDILRYHTEIVFARTSPQQKLIIVEGCQRQGAIVAVT  715  
1A      641   EGNETVEEIAARLKIPVSEVNPRDAKACVVHGGELKDMTPEELDDILKHHTEIVFARTSPQQKLIIVEGCQRQGAIVAVT  720  
1B      641   EGNETVEDIAARLKIPVSEVNPRDAKACVVHGGELKDLSAEQLDDILAHHTEIVFARTSPQQKLIIVEGCQRQGAIVAVT  720  
1C      638   EGNETVEDIAARLNIPVNEVDPRDAKACVVHGGDLKDLSAEQLDDILKYHTEIVFARTSPQQKLIIVEGCQRQGAIVAVT  717   
3       624   EGNETVEDIASRLNIPVSRSNPRDAKACVIHGTDLKELSQDQMDDILRNHTEIVFARTSPQQKLIIVEGCQRLGAIVAVT  703   
2       625   EGNETVEDIAERLNIPLSQVNPRDAKACVVHGGDLKDMSAEYLDDLLRNHTEIVFARTSPQQKLIIVEGCQRTGAIVAVT  704    
 
RAT     716   GDGVNDSPALKKADIGVAMGIVGSDVSKQAADMILLDDNFASIVTGVEEGRLIFDNLKKSIAYTLTSNIPEITPFLIFII  795  
1A      721   GDGVNDSPALRKADIGVAMGIAGSDVSKQAADMILLDDNFASIVTGVEEGRLIFDNLKKSITYTLSSKIPEMTPFLFLLL  800  
1B      721   GDGVNDSPALKKADIGVAMGISGSDVSKQAADMILLDDNFASIVTGVEEGRLIFDNLKKSIAYTLTSNIPEISPFLLFII  800  
1C      718   GDGVNDSPALKKADIGVAMGISGSDVSKQAADMILLDDNFASIVTGVEEGRLIFDNLKKSIAYTLTSNIPEITPFLFFII  797   
3       704   GDGVNDSPALKKADIGVAMGISGSDVSKQAADMILLDDNFASIVTGVEEGRLIFDNLKKSIAYTLTSNIPEITPFLLFII  783   
2       705   GDGVNDSPALKKADIGVAMGIAGSDVSKQAADMILLDDNFASIVTGVEEGRLIFDNLKKSIAYTLTSNIPEISPFLLFII  784    
 
RAT     796   ANIPLPLGTVTILCIDLGTDMVPAISLAYEQAESDIMKRQPRNPKTDKLVNERLISMAYGQIGMIQALGGFFTYFVILAE  875  
1A      801   ANIPLALGTVTILCIDLGTDMIPAISLAYEQAENDIMKRQPRNPKTDRLVNERLISVAYGQFGVMLAAAGFFTYFVIMAE  880  
! H<!
1B      801   ANIPLPLGTVTILCIDLGTDMVPAISLAYEEAENDIMKRQPRNPKTDKLVNERLISIAYGQIGMMQATAGFFTYFVILAE  880  
1C      798   ANIPLPLGTVTILCIDLGTDMVPAISLAYEAAESDIMKRQPRNSKTDKLVNERLISIAYGQIGMIQALAGFFTYFVILAE  877   
3       784   VNIPLPLGTITILCIDLGTDMVPAISLAYEAAESDIMKRQPRNPTRDKLVNERLISIAYGQIGMIQALGGFFSYFVILAE  863   
2       785   ASIPLPLGTVTILCIDLGTDMVPAISLAYETAESDIMKRQPRCPKTDKLVNDRLISMAYGQIGMIQALAGFFTYFVILAE  864    
 
RAT     876   NGFLPFHLLGIRETWDDRWINDVEDSYGQQWTYEQRKIVEFTCHTAFFVSIVVVQWADLVICKTRRNSVFQQG-MKNKIL  954  
1A      881   NGFYPMDLLGIRLDWENQYINDLEDSYGQQWTYESRKIIEFSCHTAYFAAVVIAQWAVLIVCKTRKNSFFQQGLMKNRVL  960  
1B      881   NGFLPMDLLGMRVDWDNKIMNDMEDSYGQQWTYEHRKIVEFTCHTAFFASIVVVQWADLIICKTRRNSILQQG-MKNRIL  959  
1C      878   NGFLPSRLLGIRVDWDNKFCNDLEDSYGQQWTYEQRKIVEFTCHTAFFASIVVVQWADLIICKTRRNSVFQQG-MRNKIL  956   
3       864   NGFLPSILVGIRLNWDDRACNDLEDSYGQQWTYEQRKIVEFTCHTAFFVSIVVVQWADVIVCKTRRNSVFQQG-MKNKIL  942   
2       865   NGFWPETLLGIRLNWDDRANNEVEDSYGQQWTYEQRKIIEFTCHTSFFVSIVVVQWADVIICKTRRNSVFQQG-MKNRIL  943    
 
RAT     955   IFGLFEETALAAFLSYCPGMGAALRMYPLKPTWWFCAFPYSLLIFVYDEVRKLIIRRRPGGWVEKETYY  1023   
1A      961   IFGLCSESALALFLSYCPGMDIAIRMDPLKPFWWVCAFPYTLLIFIYDEVRKYIMRRNSGGWVYQETYY  1029   
1B      960   IFGLFEETALAVFLSYCPGMDVALRMYPLKPCWWFCALPYSLLIFLYDEGRRYILRRNPGGWVEQETYY  1028   
1C      957   IFGLFEETALAAFLSYCPGMGIALRMYPLKPSWWFCAFPYSLLIFIYDEIRKLIIRRSPGGWVERETYY  1025   
3       943   IFGLFEETALAAFLSYTPGMDVALRMFPLKPSWWFCAVPYSVLIFVYDEIRKLLIRRNPGGWVERETYY  1011   
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Yakushev S, Band M, van Patot MT, Gassmann M, Avivi A,
Bogdanova A. Cross-talk between S-nitrosylation and S-glutathiony-
lation in control of the Na,K-ATPase regulation in hypoxic heart. Am
J Physiol Heart Circ Physiol 303: H000–H000, 2012. First published
September 14, 2012; doi:10.1152/ajpheart.00145.2012.—Oxygen-in-
duced regulation of Na,K-ATPase was studied in rat myocardium. In
rat heart, Na,K-ATPase responded to hypoxia with a dose-dependent
inhibition in hydrolytic activity. Inhibition of Na,K-ATPase in hy-
poxic rat heart was associated with decrease in nitric oxide (NO)
production and progressive oxidative stress. Accumulation of oxi-
dized glutathione (GSSG) and decrease in NO availability in hypoxic
rat heart were followed by a decrease in S-nitrosylation and upregu-
lation of S-glutathionylation of the catalytic !-subunit of the Na,K-
ATPase. Induction of S-glutathionylation of the !-subunit by treat-
ment of tissue homogenate with GSSG resulted in complete inhibition
of the enzyme in rat a myocardial tissue homogenate. Inhibitory effect
of GSSG in rat sarcolemma could be significantly decreased upon
activation of NO synthases. We have further tested whether oxidative
stress and suppression of the Na,K-ATPase activity are observed in
hypoxic heart of two subterranean hypoxia-tolerant blind mole species
(Spalax galili and Spalax judaei). In both hypoxia-tolerant Spalax
species activity of the enzyme and tissue redox state were maintained
under hypoxic conditions. However, localization of cysteines within
the catalytic subunit of the Na,K-ATPase was preserved and induction
of S-glutathionylation by GSSG in tissue homogenate inhibited the
Spalax ATPase as efficiently as in rat heart. The obtained data indicate
that oxygen-induced regulation of the Na,K-ATPase in the heart is
mediated by a switch between S-glutathionylation and S-nitrosylation
of the regulatory thiol groups localized at the catalytic subunit of the
enzyme.
Na,K-ATPase; heart; hypoxia; S-nitrosylation; S-glutathionylation;
redox stat; adaptation
LOCAL OR GLOBAL, HYPOXIA CAUSES acute changes in the myo-
cardial function. Hypoxic responses include adjustments of
cardiac output mediated by vagal control, humoral factors, and
by autonomous heart oxygen sensors. At the cellular level,
these responses are mirrored by coordinated regulation of
electric, mechanical, and metabolic processes. Thereby de-
crease in energy demand is achieved to match the changes in
ATP supply (19).
Oxygen-induced regulation of the Na,K-ATPase activity in
cardiomyocytes is of particular importance for successful ad-
aptation to hypoxia. Responsible for about 20% of total ATP
expenditure in the heart (51), this enzyme sustains the trans-
membrane Na"/K" gradients that are used for action potential
generation. Furthermore, Na,K-ATPase actively participates in
regulation of contractile force as it is functionally coupled to
the Na"/Ca2" exchanger (57, 62). Inhibitors of Na,K-ATPase,
known as cardiac glycosides, have been used to treat conges-
tive heart failure for over 200 years (50). Suppression of the
Na,K-ATPase activity reported in hypoxic mammalian heart is
a result of several converging processes at systemic, organ, and
cellular levels. Systemic hypoxia stimulates release of endog-
enous inhibitors of Na,K-ATPase, ouabain-like factors, into the
circulation (14). Hypoxia-induced ATP depletion may also
contribute to enzyme inactivation at later stages. However,
induction of hypoxic response of Na,K-ATPase occurs long
before intracellular ATP drops to the submillimolar levels,
which may result in shortage of substrate supply (23, 29, 64).
Indirect evidence suggests that the enzyme responds not to the
changes in O2 availability but to resulting shifts in the tissue
redox state and nitric oxide (NO) production (10, 11, 47).
Labile cytosolic inhibitory factor causing the enzyme inactiva-
tion in ischemic rat heart was reported to be redox sensitive
(23). Apart from hypoxia or ischemia, loading of cells with
reduced glutathione or using glutahtione depleting agents was
shown to cause alterations in Na,K-ATPase activity (45).
Accumulating evidence links hypoxia-induced changes in
Na,K-ATPase function to the changes in NO production (9, 20,
44). In ischemic myocardium Na,K-ATPase activity could be
rescued by NO donors (61). Na,K-ATPase in the hearts of
transgenic mice lacking NO synthases (eNOS#/#, nNOS, and
a double eNOS-nNOS knockout animals) is suppressed (63).
These single observations do not provide a molecular mech-
anism of redox- or oxygen-induced regulation of the enzyme
until more recently. Oxidative thiol modifications (S-nitrosy-
lation and S-glutathionylation) of Cys46 in the $-subunit of
Na,K-ATPase were recently reported to cause a 20% decrease
in the enzyme activity upon exposure of isolated cardiomyo-
cytes to hypoxia (8, 20). S-nitrosylation was shown to be
necessary as an intermediate step in the induction of regulatory
S-glutathionylation of the regulatory $-subunit of the enzyme.
However, inhibition of the Na,K-ATPase in ischemic heart was
much more extensive than that shown in cardiomyocytes ex-
posed to low oxygen in which S-glutathionylation of the
$-subunit was shown (23, 61).
At present there are no reports in the literature on hypoxia-
induced reversible thiol modifications in the catalytic !-subunit.
The rodent Na,K-ATPase !-subunit contains over 20 cysteine
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residues, most of which are localized in cytosolic loops forming
nucleotide- and ion-binding sites (10). Localization of cysteine
residues within the protein sequence is largely conserved, sug-
gesting that they play an important role in enzyme function. Our
recent findings indicated that S-glutathionylation of the cysteine
residues of large and small cytosolic loops of the Na,K-ATPase
!-subunit occurs when the isolated enzyme is incubated with
oxidized glutathione (46). Interaction of glutathione with several
cysteine residues of the large cytosolic loop occurs only under
conditions of mild ATP deprivation. Upon S-glutathionylation of
these few cysteines, the ATP binding site of the enzyme becomes
inaccessible for ATP and the enzyme is completely inhibited (46).
Deglutathionylation occurring in the presence of glutaredoxin and
NADPH is associated with restoration of the enzyme activity (46).
The present study was designed to explore the possible
interplay between S-nitrosylation and S-glutathionylation in
control of function of Na,K-ATPase in hypoxic myocardium
and its role in the adaptation success of rodents to oxygen
deprivation. We have monitored the changes in enzyme activ-
ity in rat heart as a function of oxygen availability and related
alterations in phospholemman phosphorylation state, and S-
nitrosylation and S-glutathionylation of cysteine residues in the
Na,K-ATPase catalytic subunit. The shifts in tissue reduced
and oxidized glutathione and nitrite production associated with
reversible thiol modifications were assessed. Furthermore, we
have compared oxygen-sensitivity of Na,K-ATPase in the
myocardium of hypoxia-sensitive Wistar rats (Rattus norvegi-
cus) with that of two species of the blind subterranean mole rat
(Spalax ehrenbergi): Spalax galili and Spalax judaei. These
subterranean rodents share suborder (Myomorpha) with rats,
but show profound hypoxia-tolerance (41, 42).
Our results revealed that Na,K-ATPase in Wistar rat myo-
cardium shows a profound sensitivity to oxygen availability. A
switch from S-nitrosylation to S-glutathonylation of cysteine
residues within the catalytic !-subunit plays a key role in
oxygen-induced regulation of the Na,K-ATPase in Wistar rat
heart. In parallel, hypoxia induces a shift in phosphorylation of
phospholemman. Na,K-ATPase function in Spalax myocar-
dium is preserved during hypoxic exposure. Lack of inhibitory
response of Na,K-ATPase to hypoxia in Spalax heart was
associated with the absence of hypoxia-induced changes is
redox state.
MATERIALS AND METHODS
Rat myocardial tissue isolation and handling. Animal handling and
experimentation was approved by the Swiss Federal Veterinary Office
and performed in accordance with Swiss animal protection laws and
institutional guidelines that comply with those of the Institute for
Laboratory Animal Research.
Heparin (100 "l of 10,000 units/ml heparin; Braun, Grenchen,
Switzerland) was injected into the caudal vena cava of anesthetized
(3% isoflurane in a 1:1 mixture of O2 and N2O) Wistar male rats
(300–400 g) purchased from Janvier (Le Genest, St. Isle, France) via
abdominal incision, and 8–10 ml of blood were collected. The heart
was excised and cooled down in heparin-containing isotonic phos-
phate buffer (in mM) containing 120 NaCl, 25 NaHCO3, 1 CaCl2,
0.15 MgCl2, 10 glucose, 0.1 L-arginine, 10 Tris·HCl (pH 7.4).
A perfusion circuit including a hollow fiber mini-oxygenator was
filled with the collected heparinized blood, and the heart was mounted
on a cannulae and perfused via aorta with autologous blood equili-
brated with humidified gas phase (20% O2, 5% CO2, and 75% N2
PanGas; Basel, Switzerland; 37°C) for 20 min (29). After the resti-
tution period, oxygen concentration in gas phase was retained at 20%
(normoxia) or readjusted to 15%, 10%, 5%, and 3% depending on
scientific protocol and perfused for 40 min. Glucose consumption by
erythrocytes and water loss from the organ chamber were compen-
sated for by supplementation of 1.1 mmol/l glucose every 20 min.
Aqueous solution of L-NAME (to a final concentration 300 "M)
was administrated to blood in the perfusion circuit after the restitution
period, according to protocol.
Heart rate and ECG (aVL projection) were continuously recorded
with a Heart Rate Module (Hugo Sachs Elektronik-Harvard Appara-
tus, March-Hugstetten, Germany) connected to an analog-digital
transducer (Power Lab; ADInstruments, Oxfordshire, UK) and Lab-
Chart 7 software (ADInstruments, Oxfordshire, UK). ECG recordings
were then analyzed using LabChart Pro software (ADInstruments,
Oxfordshire, UK).
Aliquots of blood (100 "l) were collected at the end of the
perfusion for plasma nitrite and nitrate analysis.
At the end of the blood perfusion protocol, the heart was chilled
and perfused with ice-cold sucrose-buffer solution containing 300
mM sucrose in 20 mM of a HEPES·Tris buffer (pH 7.4 at 0°C) to
remove blood from coronary vessels. Ventricular tissue was frozen in
liquid nitrogen and later analyzed for reduced (GSH) and oxidized
(GSSG) glutathione content, Na,K-ATPase activity, and used for
preparation of sarcolemmal fraction, immunoblotting and biotin-
switch.
Spalax myocardial tissue isolation and handling. Superspecies
Spalax ehrenbergi includes four distinct biological species and is
located in Israel (42). The most extreme differences in ecological
conditions exist between regions inhabited by Spalax galili in the
northern cool-humid Upper Galilee Mountains, and Spalax judaei in
the southern warm-dry xeric regions of Israel. Differences in envi-
ronment are reflected in differential adaptations to hypoxia. An
improved hypoxic adaptation of S. galili has been established with
higher hematocrit and hemoglobin levels as compared with S. judaei
(3, 4). In laboratory experiments the lowest levels of oxygen concen-
trations tolerated by S. galili (2.6 # 0.4%) were significantly lower
than S. judaei (3.7 # 0.9%) (5). Using field measurements, we
recorded 6% O2 and 7% CO2 in S. ehrenbergi burrows in flooded
heavy soils during the Mediterranean rainy season (55).
All animal handling protocols were approved by the Haifa Univer-
sity Committee for Ethics on Animal Subject Research, permit No.
193/10, and approved by the Israel Ministry of Health. Six animals of
S. galili and six further animals of S. judaei of both sexes 2–4 years
old were captured in the field and housed under ambient conditions in
individual cages. Three out of six animals of each Spalax species were
randomly assigned into the hypoxic group. These animals were placed
in a 70$ 70$ 50 cm chamber divided into separate cells flushed with
gas mixture at 5 l/min. Oxygen concentration in the gas mixture was
gradually decreased for 45–60 min and finally adjusted at 6% O2. This
oxygen concentration was chosen as the lowest oxygen levels re-
corded in S. ehrenbergi tunnels after rainstorms (55). Animals were
exposed to hypoxia for 6 h. Animals in normoxic groups were ex-
posed to ambient air. After hypoxic exposure the animals were
administered Ketaset CIII at 5 mg/kg of body weight and heart muscle
tissue was harvested and immediately frozen in liquid nitrogen.
Nitrite assessment in blood plasma. One of the widely used
markers for NO production in biological systems is nitrite (NO2%)
concentration because its accumulation is proportional to the NO
production (28). Blood aliquots collected during perfusion were pel-
leted by centrifugation (16,000 g), and the supernatant (blood plasma)
was collected. Nitrate was reduced to nitrite using Cd coated with Cu
and (NO2% & NO3%) assessed by a chemiluminiscence detector CLD
88 (Eco Medics AG, Switzerland) as described elsewhere (39).
Briefly, a sample aliquot was deproteinized by addition of methanol
(100%) and centrifuged (13,200 g, 10 min). Supernatant (50 "l) was
injected into the preheated (65°C) reaction chamber containing acidic
triiodide (I3%) reagent. The reagent was prepared fresh before the
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measurements (1.65 g KI, 0.57 g I2, 15 ml H2O, 200 ml glacial
CH3COOH). The reaction chamber was purged with helium and
released NO was detected using CLD-88 analyzer (ECO MEDICS,
Durnten, Switzerland). The signal was processed using PowerChrom
280 system (eDAQ Pty; Spechbach, Germany).
GSH and GSSG levels in myocardium. Tissue GSH and GSSG were
assessed in blood-free ventricular tissue preparations. Frozen ventricular
fragments (0.1 g) were homogenized on ice in KCl-MOPS buffer (100
mM KCl and 10 mM MOPS, pH 7.4) and deproteinized with 5%
trichloracetic acid. GSH and GSSG were assessed in the protein-free
supernatant using Ellmann’s reagent and normalized to sample wet
weight (58). Briefly, GSH concentration was determined in deproteinized
samples using 5,5=-dithiobis (2-nitrobenzoic acid) (Ellman’s reagent).
Optical density of the colored complex was measured photometrically at
412 nm. Simultaneously, aliquots from the same samples were incubated
in the presence of glutathione reductase and NADPH for reduction of
GSSG to GSH, and total glutathione levels (GSH ! GSSG) were
determined. The half-cell reduction potential (Ehc) was then calculated
for GSH/GSSG couple (54).
Isolation of sarcolemmal fraction from rat myocardium. Sarcolem-
mal fraction of rat myocardium was performed as described elsewhere
(27). Briefly, the ventricle tissue samples were washed, minced, and
homogenized in 0.6 M sucrose and 10 mM imidazole-HCl (pH 7.0,
3.5 ml/g tissue) with a Polytron PT-3000 (9,000 rpm). The resulting
homogenate was centrifuged at 12,000 g for 30 min, and the pellet
was discarded. After dilution (5 ml/g tissue) with 140 mM KCl-MOPS
buffer containing 140 mM KCl and 10 mM MOPS (pH 7.4), the
supernatant was centrifuged (95,000 g, 60 min). The resulting pellet
was resuspended in the KCl-MOPS buffer and layered over a 30%
sucrose solution, 0.3 M KCl with 50 mM Na4P207 in 0.1 M Tris·HCl
(pH 8.3). After centrifugation (95,000 g, 90 min), the band at the
sucrose-buffer interface was taken and diluted with 3 vol of KCl-
MOPS solution. A final centrifugation (95,000 g, 30 min) resulted in
a pellet rich in sarcolemma. The pellet was resuspended in KCl-
MOPS buffer.
Protein concentration was assayed in all experiments by the Lowry
method (34).
Na,K-ATPase activity. Ouabain-sensitive (1 mM) inorganic phos-
phate production (49) was used to assess Na,K-ATPase hydrolytic
activity. Activity of the enzyme was measured in the presence of
saturating concentrations of ligands and substrate of (mM) 130 NaCl,
20 KCl, 3 MgCl2, 3 ATP, and 30 imidazole (pH 7.30 at 37°C) as
described elsewhere (45). Briefly, protein samples were mixed with
media containing (in mM) 130 NaCl, 20 KCl, 3 MgCl2, and 30 ATP
with or without 1 ouabain according to the experimental protocol at
37°C for 10 min. The reaction was then stopped by ice-cold 4%
formaldehyde in 1.3 M sodium acetate buffer (pH 4.3). Accumulated
inorganic phosphate was determined using the Rathbun-Betlach
method (49).
In vitro treatment of isolated sarcolemmal fraction with oxidized
glutathione. The inhibitory action of GSSG on the Na,K-ATPase
activity was assessed on sarcolemal fraction and ventricular homog-
enates of all species used in this study. The sarcolemmal membrane
fraction and ventricular tissue homogenate were exposed to 300 "M
GSSG for 10 min (37°C). Na,K-ATPase activity was then assessed as
described above.
Table 1. Heart performance as a function of O2 concentration and treatment with 300 !M L-NAME
O2 Concentration, %
20 15 10 5 3 5 ! L-NAME 20 ! L-NAME
Total amount of analyzed hearts 15 5 5 15 5 10 10
Number of hearts with bradycardia 0 0 0 12 5 10 0
Beginning of bradycardia, min — — — Between 10 and 13 min Between 5 and 13 min Between 1 and 5 min —
Number of hearts with T-wave inversion — 1 1 15 5 10 0
Beginning of T-wave inversion, min — 35 32 Between 20 and 25 min Between 20 and 23 min Between 5 and 20 min —
Number of arrhythmic hearts 0 0 0 7 5 10 2
Beginning of arrhythmia, min — — — Between 25 and 30 min Between 19 and 28 min Between 15 and 30 min 32
Data are means of 5-10 independent recordings # SD. Time after restitution period until beginning of the bradycardia, arrhythmia, and T-wave inversion was
calculated from ECG recordings with LabChart 7.0 software with ECG analysis module (ADInstruments). l-NAME, NG-nitro-L-arginine methyl ester. Data not
sufficient for statistical analysis.
Fig. 1. A Oxygen-sensitivity of rat heart rate. Changes in autonomous heart
rate of rat hearts after 40 min of perfusion with blood equilibrated with 20–3%
O2 in gas phase in the presence or absence of 300 "M L-NAME. Values were
normalized to those at the end of 20 min of restitution during which the
hearts were perfused with fully oxygenated blood (20% O2). Calculated
from ECG recordings with LabChart 7.0 software with ECG analysis
module (ADInstruments). Values are means # SD for 6–15 independent
experiments. * denotes P $ 0.05 when compared with 20% O2. B Example of
the T-wave inversion. Changes in T-wave amplitude in the ECG recordings
(with LabChart 7.0 software with ECG analysis module, ADInstruments) of rat
hearts after 30 min of perfusion with blood equilibrated with 20% (A) and 5%
(B) O2 in gas phase. Figure represents the shape of the PQRST complex, made
as average of 100 recorded PQRST complexes of single heart starting from the
40th minute of perfusion with blood equilibrated with 20 and 5% O2 in gas
phase.
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In vitro activation of nitric oxide synthase. Substrates and cofactors
for NOS were administrated to rat sarcolemmal fractions to a final
concentration of 0.1 mM L-Arginine, 0.5 mM CaCl2, 10 !g/ml
calmoduline, 0.2 mM NADPH, 10 !M biopterin, 5 !M FMN, and 5
!M FAD, and the samples were incubated for 10 min at room
temperature. After incubation the sample was used in the Na,K-
ATPase activity assay with or without treatment with GSSG as
described above. Nitrite accumulation in the incubation medium was
used as a marker of NO generation.
Western blot analysis. Tissue homogenates and isolated sarcolem-
mal fraction from the in vitro studies were separated by 7.5%, 10%,
and 12.5% SDS-PAGE with Tris-Glycine (for resolution of high
molecular weight proteins) or Tris-Tricine (for resolution of low
molecular weight proteins) buffer systems and transferred to Protean
BA83 nitrocellulose membranes (Schleicher and Schuell, Dassel,
Germany). Protein transfer was controlled by Ponceau red staining.
Membranes were blocked for 1 h at room temperature and incubated
overnight at 4°C with the appropriate primary antibodies.
Primary antibodies kindly provided by M. J. Shattok and W. Fuller
(35) were used to assess Ser68 phosphorylation of the FXYD1 subunit
of Na,K-ATPase (phospholemman) and determine total and phosphor-
ylated forms. The S-glutathionylation state of the "1-subunits of
Na,K-ATPase in sarcolemmal preparations, as well as in crude ven-
tricular homogenates, was assessed using monoclonal anti-glutathione
antibody (Chemicon Millipore, MAB5310). The membranes were
Fig. 3. Oxygen-sensitivity of ventricular tissue redox state and plasma NO2#.
A: The effect of hypoxia (5% O2) and introduction of 300mM L-NAME in to
perfusion blood on ventricular half-cell redox potential Ehc for the GSH/GSSG







Decrease in oxygen supply as well as treatment
with 300 !M L-NAME resulted in the shift of the redox state towards more
oxidized state. The effect of combined action of hypoxia and L-NAME was
equal to the effect of both separately. Bars represent means $ SD; n % 4
animals. *P & 0.05 vs. 20% oxygen homogenate (one-way ANOVA); #P &
0.05 vs. 20% oxygen homogenate (one-way ANOVA) B: The effect of hypoxia
(5% O2) and introduction of 300mM L-NAME in to perfusion blood on
content of nitrite in perfusion blood plasma. Blood samples were collected 30
min after the onset of perfusion. Bars represent means $ SD; n % 4 animals.
*P& 0.05 vs. normoxic (20% O2) homogenate (one-way ANOVA); #P& 0.05
vs. normoxic (20% O2) homogenate (one-way ANOVA).
Fig. 2. The effect of different concentrations of oxygen (3–20%) in gas mixture
at perfusion on hydrolytic activity of Na,K-ATPase in ventricular tissue
homogenate (open bars) and ventricular tissue sarcolemmal fraction (black
bars) of isolated blood perfused hearts. Rat hearts were subjected to 40 min
perfusion with autologous blood, corresponding haemoglobin oxygen satura-
tion is indicated on the axes below the plot. Decrease in oxygen supply results
in gradual inhibition of Na,K-ATPase hydrolytic activity in ventricular ho-
mogenate and gradual increase in hydrolytic activity in sarcolemmal fraction.
Bars represent means $ SD; n % 10 animals. *P & 0.05 vs. 20% O2
homogenate (one-way ANOVA); **P & 0.01 vs. 20% O2 homogenate (one-
way ANOVA); #P & 0.05 vs. 20% oxygen sarcolemmal fraction (one-way
ANOVA). B: Changes in phosphorylation of phospholemman at Ser68 induced by
decrease in oxygenation in gas phase from 20 to 5 kPa. Data are means of 5
experiments $ SD * denotes P & 0.05 in Students unpaired t-Test.
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then stripped and mouse monoclonal anti-Na,K-ATPase !1-antibody
clone C464–6 (Upstate Millipore) were applied for detection of the
total amount of !1 subunit. Appropriate horseradish peroxidase-
conjugated secondary antibodies were applied and enhanced chemi-
luminescent detection system (Fujifilm LAS-3000 System; Fujifilm
Life Science) was used for detection. Antinitotyrosine antobodies
(Antinitrotyrosine, clone 1A6, HRP conjugate from Upstate; cat No.
16-207; 1:1,000 dilution) were used to assess tyrosine nitration. As a
negative control for the staining nitrocellulose membrane after the
transfer was incubated for 1 min (room temperature) in 100 mM
Na2S2O4 (in 100mM Na2B4O7, pH 9). Afterward it was washed and
probed with antinitrotyrosine antibody according to the protocol. No
staining was detected after Na2S2O4 pretreatment indicating that the
signal from the antibodies was specific for nitro-tyrosine. ImageJ
software was used for quantification of the recorded signals. Total-
actin (Sigma; A2066) was used as a loading control.
Biotin-switch. S-nitrosylation of the !1-subunit of Na,K-ATPase in
the rat ventricular homogenate was assessed using the S-Nitrosylated
Protein Detection Kit (Cayman Chemical Ann Arbor, MI). Briefly, in
the first step free thiols are blocked by incubation with the thiol-
specific methylthiolating agent methyl methanethiosulfonate (MMTS).
After block of free thiols, nitrosothiol bonds are selectively decom-
posed with ascorbate, which results in the reduction of nitrosothiols to
thiols. In the last step, the newly formed thiols are reacted with
N-[6-(biotinamido)hexyl]-3=-(2=-pyridyldithio)propionamide (biotin-
HPDP), a sulfhydryl-specific biotinylating reagent. Labeled proteins
can were detected by immunoblotting with antibiotin antibodies, after
SDS-PAGE (26). In parallel, we have used anti-S-nitrosocysteine
antibody [S-nitroso-Cys (SNO-Cys), Alpha Diagnostic, cat No.
NISC11-A, dilution 1:1,000] and were able to reproduce the findings
obtained using biotin switch assay.
RESULTS
Oxygen-dependence of Na,K-ATPase function. Perfusion of
isolated rat heart with autologous blood equilibrated with 20%,
15%, 10%, 5%, or 3% oxygen in gas phase for 45 min resulted
in decrease of autonomous heart rate to 42 " 4% of the
normoxic value of 254 " 50 beats/min (n # 16). The time
course of the response is reflected by a decrease in heart rate
when pO2 in the gas phase was decreased from 20% to 5% or
3% (Table 1 and Fig. 1A). Furthermore, the ECG showed
inversion of the T wave (Fig. 1B) characteristic of ischemic
myocardium in hearts perfused with blood equilibrated to 5%
or 3% O2 (30). Hypoxia-induced bradycardia was associated
Fig. 5. S-glutathionylation of thiols in the Na,K-ATPase !1 subunit in rat heart
exposed to hypoxia (5% O2) or normoxia (20% O2) with (open bars) an
without (filled bars) 300 $M L-NAME. The signal intensity for the S-
glutathionylated thiols in the !1 subunit in homogenate was normalized to that
of !1 abundance (see the original immunoblotting readouts above the quanti-
fication bar chart). Data are means of 8 independent experiments "SD. *
denotes P % 0.05 when compared with normoxic control and # indicates P %
0.05 when compared with the corresponding hypoxic control in the absence of
L-NAME (one-way ANOVA).
Table 2. Absolute values of GSH and GSSG content in
ventricular homogenates of rat and Spalax heart
Species, Condition GSH, $mol/mg GSSG $mol/mg
Rat, Rattus norvegicus
Normoxia 1.382 " 0.005 0.263 " 0.049
Normoxia L-NAME 1.221 " 0.053* 0.358 " 0.075
Hypoxia 1.144 " 0.103* 0.321 " 0.052
Hypoxia L-NAME 1.196 " 0.083* 0.358 " 0.044
Mole rat Spalax judaei
Normoxia 1.412 " 0.109 0.028 " 0.014*
Hypoxia 1.294 " 0.143 0.011 " 0.096*
Mole rat, Spalax galili
Normoxia 1.232 " 0.109 0.023 " 0.038*
Hypoxia 1.263 " 0.147 0.040 " 0.074*
Values are means" SD. *P% 0.05 in unpaired t-test compared to the levels
in normoxic rat heart.
Fig. 4. The effect of hypoxia (5% O2) and introduction of 300mM L-NAME
in to perfusion blood on hydrolytic activity of Na,K-ATPase in ventricular
tissue homogenate. Inhibition of NO production under hypoxic conditions
results in significant increase of hydrolytic activity of Na,K-ATPase. Bars
represent means " SD; n # 4 animals. *P % 0.01 vs. normoxic (20% O2)
homogenate (1-way ANOVA); #P % 0.01 vs. hypoxic (5% O2) homogenate
(one-way ANOVA).
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with arrhythmia in some of the hearts. These responses devel-
oped within 1–20 min after decrease of hemoglobin oxygen
saturation.
These changes in myocardial function occurred along with a
dose-dependent decrease in activity of Na,K-ATPase in ven-
tricular tissue homogenates from 6.4 ! 3.3 umol Pi/(mgprot·h)
in normoxic myocardium to 1.25 ! 0.18 umol Pi/(mgprot·h) in
tissue exposed to 3% O2 (hemoglobin oxygen saturation SO2
of 16%; Fig. 2A).
Decrease in oxygen levels in gas phase to which the blood
was equilibrated from 20% to 10%, and the resulting decrease
in hemoglobin oxygen saturation SO2 from 95.8% to 85% was
associated with a twofold decrease in the activity of Na,K-
ATPase.
Similar profound inactivation of the Na,K-ATPase was pre-
viously reported to occur in ventricular tissue homogenates
prepared from rat heart exposed to no-flow ischemia (22).
Inhibition of the enzyme in ischemic tissue homogenate was
associated with an increase in Na,K-ATPase activity in sar-
colemmal membranes. The stimulatory effect of ischemia at
the sarcolemmal membrane level was caused by phosphoryla-
tion of the regulatory FXYD1 subunit of the Na,K-ATPase,
phospholemman at Ser68 (22). Similar to that in ischemic
myocardium, in which hypoxia occurred along with acidosis
and aglycemia, exposure of rat heart to hypoxia alone was also
associated with phosphorylation of phospholemman (Fig. 2B)
and with a dose-dependent increase in Na,K-ATPase activity in
sarcolemmal membranes from 16.5 ! 2.7 "mol Pi/(mgprot·h)
to 25.0 ! 2.2 "mol Pi/(mgprot·h) (Fig. 2A). Mechanisms of
activation of the enzyme in sarcolemmal fraction of ischemic
heart and the role of phospholemman have been addressed
earlier (22). We have therefore concentrated on characteriza-
tion of the molecular mechanisms behind the inhibitory action
of hypoxia on the Na,K-ATPase in ventricular homogenate.
Hypoxic conditions for further experiments were defined as
perfusion with blood equilibrated with 5% O2 in gas phase
(SO2 # 35%). Hypoxia-induced changes were related to the
values obtained in hearts perfused with oxygen-saturated blood
(blood equilibrated with gas phase containing 20% O2, SO2 #
95.8%). Exposure of isolated blood-perfused rat heart to hyp-
oxia for 40 min was associated with a sixfold suppression in
activity of Na,K-ATPase in ventricular tissue homogenate
(Fig. 2A).
Redox state, NO production, and function of Na,K-ATPase
in hypoxic rat myocardium. We have assessed hypoxia-in-
duced changes in redox state and NO production in isolated
Fig. 6. A: S-nitrosylation of thiols in the $1 subunit assessed using biotin switch technique. Original recordings of S-nitrosylated (biotinylated) $1 subunit in
heart tissue homogenates exposed to hypoxia and or L-NAME are presented at the top panel whereas quantification of the S-nitrosylation state of the $1 subunit
normalized to the abundance of $1 subunit in homogenate is presented at the bottom panel. B: Tyrosine nitration of the $1 subunit of the Na,K-ATPase.
Normalization has been performed as in A. Data are means of 8 independent experiments ! SD. * denotes P% 0.05 when compared to the normoxic non-treated
control determined using one-way ANOVA with the Bonferroni post-test.
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blood-perfused rat heart. Perfusion of hearts with hypoxic
blood for 40 min resulted in a shift in half-cell redox potential
for GSH/GSSG couple oxidation and in a decrease in NO2!
levels reflecting NO production (Fig. 3). Inhibition in nitric
oxide synthase (NOS) activity was, to a large extent, the cause
of oxidative stress. Perfusion of hearts with normoxic blood
containing 300 "M L-NAME induced oxidation of GSH (ex-
pressed as Ehc, a measure of GSH:GSSG), and no further
pro-oxidative effect of hypoxia was observed in L-NAME-
treated myocardium (Fig. 3). The changes in actual tissue GSH
and GSSG concentrations are presented in Table 2. It appears
the onset of bradycardia was elevated in the hypoxic hearts
treated with L-NAME, whereas L-NAME had little effect on
heart rate in the normoxic hearts (Table 1 and Fig. 1). Exposure
to L-NAME induced arrhythmia in some of the hearts even
under normoxic conditions (Table 1). Oxygen sensitivity of
Na,K-ATPase was lost in hearts perfused with blood contain-
ing 300 "M L-NAME, in which the enzyme was preserved
under hypoxic conditions (Fig. 4). Taken together these data
indicated that, apart of gradual ATP deprivation, hypoxia-
induced responses of the Na,K-ATPase were closely associated
with the changes in GSSG and NO levels.
Thiol modifications of Na,K-ATPase !-subunit are depen-
dent on hypoxic stress and NO production. We have assessed
S-glutathionylation and S-nitrosylation of cysteines in the cata-
lytic #-subunit of the Na,K-ATPase in normoxic and hypoxic
myocardium using immunoprecipitation, Western blotting, and
Biotin-Switch techniques. Immunoprecipitation was carried out
using anti-GSH antibodies and was then followed by Western
blotting against #1 and #2 isoforms of the catalytic subunit,
revealing the presence of both in immunoprecipitate (data not
shown).
The presence of S-glutathionylated thiols in the #1-subunit
in crude homogenate prepared from ventricular tissue was
confirmed using immunoblotting. Basal S-glutathionylation
was detected in normoxic tissue samples (Fig. 5). The number
of S-glutathionylated cysteines in the #1-subunit increased in
response to L-NAME treatment under normoxic conditions as
well as in response to hypoxia without L-NAME. A combina-
tion of hypoxic conditions and L-NAME exposure was not
associated with an increase in S-glutathionylation of the #1-
subunit compared with normoxic control.
S-nitrosylation of the #1-subunit was high in normoxic samples
and decreased in response to hypoxia and L-NAME treatment
(Fig. 6A). Decrease in the number of S-nitrosylated cysteines in
the #1-subunit in the hypoxic heart was accompanied by
pronounced increase in nitrated tyrosine residues. Exposure to
L-NAME suppressed hypoxia-induced nitrotyrosine formation
(Fig. 6B).
We have further explored the effect of S-glutathionylation
on Na,K-ATPase activity. Exposure of sarcolemmal mem-
branes isolated from normoxic rat heart to 250 "M GSSG-
induced S-glutathionylation of the #1-subunit was associated
with a marked suppression of the enzyme hydrolytic activity
(Fig. 7). Activation of NO production was observed in suspen-
sion of sarcoplasmic reticulum microsomes was induced by
supplementation of NOS substrates and coactivators. NO pro-
duction was monitored as NO2! accumulation in the incubation
medium. Nitrite accumulation was found to be 0.7 nmol/("g
protein·30 min). Calculations based on the assumption of the
2.5% of cysteine occurrence frequency in mammalian protein
sequences reported earlier (40) and an average molecular
weight of an amino acid of 110 g/mol give an estimation of 11
nmol of cysteines in our samples containing 50 "g of protein.
The amount of NO transferred to NO2! and not bound to
protein thiols in a sample containing 50 "g protein is 35 nmol.
This amount exceeds the number of potential binding sites by
3.5-fold and suggests that NO produced by microvesicles upon
activation of NOSes was sufficient to cause S-nitrosylation of
at least some thiol groups. Both S-glutathionylation and inhi-
bition of the enzyme by GSSG was prevented if NOSes were
activated at the moment of administration of 250 "M GSSG
(Fig. 7).
Lack of oxygen-sensitivity of Na,K-ATPase in spalax heart.
The impact of hypoxic exposure on Na,K-ATPase activity in
the heart was explored in hypoxia-tolerant Spalax genus, S.
galili and S. judaei, blind fossorial mole rats. Whereas nor-
moxic animals were exposed to ambient air, hypoxic individ-
uals were exposed to hypoxic atmosphere containing 6% O2-
94% N2 for 6 h. Activity of Na,K-ATPase was then assessed in
ventricular tissue homogenate. The absolute values of enzyme
activity as well as the #1 abundance in normoxic Spalax hearts
were decreased by approximately threefold compared with that
in Wistar rat (R. norvegicus) hearts (Fig. 8). In contrast with
that in R. norvegicus hearts, Na,K-ATPase in the myocardium
of both Spalax species was not suppressed in response to
hypoxic exposure (Fig. 8).
Is spalax Na,K-ATPase redox-sensitive? We have further
tested if the apparent insensitivity of Spalax myocardial Na,K-
ATPase to hypoxia was stemming from the lack of regulatory
cysteine residues, which were present in rat enzyme. To do so,
Fig. 7. Induction of S-glutathionylation by treatment of sarcolemmal vesicles
isolated from normoxic heart homogenate. Sarcolemmal membranes were
exposed to 250 "M GSSG (GSSG) for 10 min at 37°C in the absence or
presence of substrates and co-factors of NO syntases (L-arginine, NADPH,
FMN, H2-FAD, BH4, Ca-calmoduline, GSSG $NOS). S-glutathionylation of
the #1 subunit of the Na,K-ATPase and hydrolytic activity of the enzyme were
tested after the induction of S-glutathionylation. Data are means of 3 experi-
ments % SD. * denotes P & 0.05 when compared to the non-treated control.
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the !1-subunit of Na,K-ATPase of Spalax was cloned and
sequenced and localization of cysteine residues within the
sequence was compared with that of R. norvegicus. Sequence
alignment presented as supplementary data set showed strong
similarity of both proteins and particularly conserved localiza-
tion of all cysteine residues within the sequences. The ability of
the enzyme to respond to GSSG-induced S-glutathionylation
has been confirmed for S. galili and S. judaei. Treatment of
crude ventricular tissue homogenates with 300 "M of GSSG
for 10 min caused complete inhibition of the enzyme in both
Spalax and R. norvegicus species (Fig. 9). Thus all rodents
possess redox-sensitive Na,K-ATPase in the heart. However,
only R. norvegicus responded to systemic hypoxia (29) or
deoxygenation of isolated blood-perfused heart with glutathi-
one oxidation. Neither of the mole rat species tested showed
any signs of oxidative stress in the heart in response to hyp-
oxia (Fig. 10, actual tissue GSH and GSSG levels in Table 2).
Moreover, Ech (GSH:GSSG) in normoxic myocardium of S.
galili and S. judaei was significantly more reduced than that in
R. norvegicus hearts.
DISCUSSION
Our findings indicate that the changes of Na,K-ATPase
activity in the heart is very tightly controlled by reversible thiol
modifications in the catalytic !-subunit, which occur to even
slight changes in oxygen availability. NO availability as well
as maintenance of local ATP levels in premembrane space
protect regulatory cysteines from inhibition, which follows
their S-glutathionylation (46). Accumulation of GSSG and
decrease in NO production occur in hypoxic rat myocardium
(Figs. 2 and 3) along with gradual ATP deprivation (29)
making the enzyme oxygen sensitive. At the molecular level
changes in activity of Na,K-ATPase are associated with mod-
ifications of protein cysteine residues. Plasticity of the enzyme
function appears to be tightly coupled to the reversible transi-
tion for SH groups to switch between S-nitrosylated to S-
glutathionylated forms. The present study revealed that Na,K-
ATPase is one more element contributing to the complex
responses of cardiomyocytes to changes in redox state (53).
Whether the enzyme will respond to the changes in oxygen
Fig. 8. Na,K-TPase abundance and activity in normoxic and hypoxic rat and Spalax hearts. A: Hydrolytic activity of the Na,K-ATPase in hypoxic and normoxic
heart homogenates of Rattus norvegicus, S. judaei and S. galili. Data are means of 3 independent experiments #SD. * denotes P $ 0.05 when compared to
normoxic control value as tested by unpaired Student’s t-Test. B: Na,K-ATPase !1 subunit protein levels in the ventricular tissue homogenates of rat
(R. norvegicus) and blind subterranean mole rat (S. judae). The signal intensity for the !1 subunit was normalized to that of total-actin abundance (see the original
immunoblotting readouts above the quantification bar chart). Data are means of 4–6 independent experiments #SD. * denotes P $ 0.05 when compared with
rat.
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supply depends entirely on shifts in redox state and NO
production in the heart and ATP availability.
Progressive development of oxidative stress in hypoxic
myocardium was suggested to reflect uncoupling in electron
transduction in the mitochondria (33). Our data suggest that
suppression in NO production in hypoxic heart contributes to
this process as well (Figs. 3 and 4). Indeed, oxygen affinities of
inducible and neuronal NO sythases (Kd of 7.8 kPa and 5.9
kPa, respectively) are significantly lower than those of super-
oxide generating enzymes including Kd of !2 kPa NOX2 and
4 and even higher affinities of mitochondrial cytochromes (10,
17). NO interacts with superoxide anion four orders of mag-
nitude faster than superoxide dismutase (rate constants being
7·109 vs. 105 M"1s"1, respectively) (43). The imbalance
between O2·" and NO production towards superoxide will
result in an increased ONOO" production and accumulation of
H2O2 generated in the SOD-catalysed reaction (43). An in-
crease in nitrotyrosine levels along with decrease in NO2"
levels in hypoxic rat myocardium indicate that this shift indeed
occurs in hypoxic heart (Fig. 6, A and B). Accumulation of
GSSG following hypoxic exposure mirrors an increase in H2O2
and ONOO" (Fig. 3A). These processes do not occur in Spalax
heart exposed to hypoxia as follows from the lack of changes
in Ehc for the GSH/GSSG couple (Fig. 10). Our findings do not
allow any speculations on the molecular mechanisms of resis-
tance of Spalax myocardium to hypoxia-driven oxidation.
Among the possible contributors are maintenance of NO pro-
duction (downregulation of NO2" levels (21), high activity of
eNOS), lower O2·" production rates, and/or more efficient
H2O2 processing enzymes.
Determinants of oxygen sensitivity of Na,K-ATPase. Multi-
ple processes are known to mediate the changes in activity of
Na,K-ATPase in response to hypoxia. Among them are phos-
phorylation, internalization of the enzyme, and S-glutathiony-
lation of #- and FXYD subunits of the enzyme (8, 10, 20). Some
of these regulatory mechanisms function as on-off switches;
others mediate fine-tuning of the enzyme resulting in partial
suppression or activation. Internalization of the enzyme in clath-
rin-coated vesicles (12) and complete inhibition of the enzyme
caused by S-glutathionylation of the $-subunit (Fig. 9) (46)
represent the on-off mechanisms, which dominate over the fine-
tuning regulatory mechanisms. In a separate study we have shown
that complete inactivation of the Na,K-ATPase is caused by
binding of glutathione to a cysteine residue within an adenine
nucleotide binding site, making it inaccessible to ATP (46).
Fine-tuning of the enzyme activity in hypoxic tissue is achieved
by S-glutathionylation of the #- and FXYD1 (phospholemman)
subunits (8, 20) as well as by phosphorylation of phospholemman
at Ser68 (Fig. 2) (22, 23, 56), resulting in modest suppression or
stimulation of Na,K-ATPase in the heart.
NO and S-glutathionylation of the catalytic !-subunit. Over
the last few years the number of reports on reversible thiol
modifications as potent regulators of the protein function has
increased exponentially (13, 37, 48, 59).
S-glutathionylation of thiols by thiol/disulfide exchange
with GSSG requires dissociation of the target thiol. Alternative
pathways include binding of GSH to the protein thiol groups
that have undergone S-nitrosylation or oxidation to sulfenic
anion ("SO") (13, 38). For many, but not all proteins includ-
ing the #-subunit of Na,K-ATPase (20) and SERCA2A (1),
S-nitrosylation of a thiol is a necessary intermediate step
precluding S-glutathionylation. Nitrosothiols are formed in
reaction with N2O3, an adduct of NO and O2 (37, 43). Hypoxic
conditions in the heart do not support S-nitrosylation as NO is
converted to ONOO" instead of N2O3 (Fig. 3). The resulting
ONOO"- and H2O2-induced oxidation of thiols to thiyl radi-
cals and sulfenic anions generation as well as GSSG accumu-
lation promotes thiol S-glutathionylation (24, 37).
S-glutathionylation of the $1-subunit thiols in hypoxic myocar-
dium occurred in parallel to the decrease of the number of
S-nitrosylated cysteine residues (Figs. 5 and 6). However, due to
the fact that hypoxic conditions were associated with glutathione
oxidation, S-glutathionylation most likely was not mediated by
Fig. 10. Changes in ventricular tissue redox state in the myocardium of Rattus
norvegicus, Spalax judaei and Spalax galili caused by hypoxic exposure Data
are means of 3–5 independent experiments % SD. * indicates P & 0.05 as
determined using one-way ANOVA test.
Fig. 9. Changes in Na,K-ATPase activity in ventricular tissue homogenates
prepared from normoxic hearts of R. norvegicus, S. judaei and S. galili caused
by 10 min incubation with 300 'M GSSG. Data are means of 3 experiments
(5 for R. norvegicus)% SD. * indicates P& 0.05 as determined using one-way
ANOVA test.
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interaction of GSH with nitrosylated thiols of the !-subunit, but
via formation of thiyl and sulfenic derivatives (37).
Acute response of the heart to hypoxia: the role of S-
glutathionylation. Rat heart responds to hypoxia with an acute
bout of centrally driven tachycardia followed by autonomous
bradycardia along with induction of arrhythmias, in vivo (36,
52) and ex vivo (Fig. 1 and Table 1). Wistar rats are very
sensitive to hypoxia and acute decrease in the atmospheric O2
levels below 10% renders them unconscious. When compared
with R. norvegicus, Spalax survive at lower O2 and higher CO2
levels for longer periods of time (5, 6). Spalax live predomi-
nately in underground tunnels in which the oxygen tension is
often very low (41). Spalax can conduct aerobic work under
low O2 pressures due to adaptations in the structural design of
skeletal muscles and the cardiorespiratory system, allowing
better oxygenation and more efficient perfusion of tissues in
the course of hypoxic exposure (6, 60). These animals respond
to hypoxia with tachycardia and maintained stroke volume,
which altogether results in increased in cardiac output under
hypoxic conditions (2, 18). Arrhythmias reported in mole rats
under normoxic conditions were diminished during hypoxia-
induced increase in heart rate (2).
Comparison of hypoxic responses of the Na,K-ATPase in
myocardial tissue of mole rats and Wistar rats provided further
support for the importance of the redox state in control of
enzyme function. Lack of oxidative stress in Spalax hearts
exposed to hypoxia is associated with insensitivity of Na,K-
ATPase to hypoxia. However, complete inhibition of the en-
zyme may be induced by adding of GSSG to ventricular tissue
homogenates in all species studied. Of note, mole rats survive
hypoxic periods with their hearts-on. This is in marked contrast
with the majority of hibernating and hypoxia-sensitive spe-
cies (19).
Na,K-ATPase is an active player in control of heart rhythm,
excitation propagation, and contractile force (64). Hypoxia-
induced inactivation of the Na,K-ATPase in rat heart contrib-
utes to an decrease in heart rate and scooping of the ST interval
(Fig. 1), which has previously been reported in digitalis-treated
hearts (25). Some of these changes in ECG are observed in
ischemic myocardium along with dose-dependent suppression
of Na,K-ATPase triggered by oxygen deprivation (30). Na,K-
ATPase is not only a mediator of transmembrane Na/K gradi-
ents but also actively participates in Ca2" handling in the heart
(7). Recently, S-glutathionylation was proposed as a universal
mechanism regulating all Ca2" handling systems in cardiomy-
ocytes including ryanodine receptors, SERCAs, L-type Ca2"
channels, and Na/Ca exchange (53, 65). Inhibition of the
Na,K-ATPase occurs in parallel with activation of ryanodine
receptors and SERCA in the heart as these ion transporters also
possess sites of regulatory S-glutathionylation (16, 31, 32).
Thus S-glutathionylation allows coordinated regulation of sev-
eral ion transport systems with the associated increase in
intracellular calcium stores in cardiomyocytes. Hypoxia-in-
duced S-glutathionylation promotes fast Ca2" release and
pumping back into the sarcoplasmic reticulum as well as
facilitation of intracellular Ca2" accumulation. Together, these
alterations result in increased in contractile force. However,
extensive calcium accumulation elevates the danger of necrotic
tissue damage (15).
Our data reveal that hypoxia-induced inhibition of the Na,K-
ATPase in rat heart shares similar mechanisms with those in
ischemic myocardium. Oxygen deprivation is, hence, decisive
in regulation of the enzyme, dominating over acidosis and the
lack of glucose. Suppression of Na,K-ATPase activity in hy-
poxic myocardium is mediated by S-glutathionylation of the
catalytic !-subunit of the enzyme, which occurs with gradual
ATP deprivation. S-glutathionylation coordinates the activity
of a number of ion transport systems in control of contractile
function of the heart in response to the changes in redox state
and NO production. This regulatory mechanism is conserved in
Na,K-ATPase of hypoxia-sensitive and hypoxia-tolerant ro-
dent species. Na,K-ATPase in hypoxia-tolerant Spalax myo-
cardium remains active under hypoxic condition due to the
preservation of redox state in heart tissue.
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Background: Na,K-ATPase activity is extremely sensitive to changes in the redox state.
Results: Binding of glutathione to the regulatory cysteine residues of the catalytic subunit completely inhibits the Na,K-ATPase
by blocking the ATP-binding site.
Conclusion: S-Glutathionylation of the catalytic subunit is revealed as a mechanism controlling the Na,K-ATPase function.
Significance: Regulatory S-glutathionylation adjusts Na,K-ATPase activity to the changes in intracellular redox state and ATP
levels.
Na,K-ATPase is highly sensitive to changes in the redox state,
and yet the mechanisms of its redox sensitivity remain unclear.
We have explored the possible involvement of S-glutathionyla-
tion of the catalytic ! subunit in redox-induced responses. For
the first time, the presence of S-glutathionylated cysteine resi-
dues was shown in the ! subunit in duck salt glands, rabbit kid-
neys, and ratmyocardium. Exposure of theNa,K-ATPase to oxi-
dized glutathione (GSSG) resulted in an increase in the number
of S-glutathionylated cysteine residues. Increase in S-glutathio-
nylation was associated with dose- and time-dependent sup-
pression of the enzyme function up to its complete inhibition.
The enzyme inhibition concurred with S-glutathionylation of
the Cys-454, -458, -459, and -244. Upon binding of glutathione
to these cysteines, the enzyme was unable to interact with ade-
nine nucleotides. Inhibition of the Na,K-ATPase by GSSG did
not occur in the presence of ATP at concentrations above 0.5
mM. Deglutathionylation of the ! subunit catalyzed by glutare-
doxin or dithiothreitol resulted in restoration of the Na,K-
ATPase activity. Oxidation of regulatory cysteines made them
inaccessible for glutathionylation but had no profound effect on
the enzyme activity. Regulatory S-glutathionylation of the !
subunit was induced in rat myocardium in response to hypoxia
and was associated with oxidative stress and ATP depletion.
S-Glutathionylation was followed by suppression of the Na,K-
ATPase activity. The rat!2 isoformwasmore sensitive toGSSG
than the !1 isoform. Our findings imply that regulatory S-glu-
tathionylation of the catalytic subunit plays a key role in the
redox-induced regulation of Na,K-ATPase activity.
Na,K-ATPase uses the energy of ATP to transport Na! and
K! across the plasma membrane, thus mediating the trans-
membrane ion gradients responsible for the generation of the
action potential in excitable tissues and for the secondary active
transport of ions andmetabolic substrates (1, 2). The enzyme is
composed of ! and " subunits. The catalytic ! subunit is
formed by the nucleotide binding, phosphorylation and actua-
tor domains, and the ion transport pore. This subunit mediates
ATP hydrolysis and ion transport. The" subunit is required for
the enzyme translocation to the membrane and K! transport
(1). In some tissues, the enzyme also contains a regulatory sub-
unit belonging to the FXYD protein family. For each subunit, a
number of isoforms showing tissue-specific expression pat-
terns and functional diversity have been described (3, 4).
Na,K-ATPase is known to be redox- and oxygen-sensitive in
a number of cell types (5, 6). H2O2 inhibits Na,K-ATPase in
brain and kidneys (7). The tissue-specific !2" isozyme is more
susceptible to reduction in activity by H2O2 than ubiquitously
expressed !1" isozyme (8). Previously, the inhibitory action of
oxidants on the Na,K-ATPase was attributed to irreversible
oxidation of thiol groups. Whereas the ! subunit possesses 23
reduced cysteine residues, the " subunit has only one of them
(7). However, accumulating evidence suggests that redox-in-
duced responses of the Na,K-ATPase cannot be explained by
irreversible oxidation of –SH groups alone. Our earlier findings
indicated that both loading of cerebellar granule cells with
reduced glutathione (GSH) and GSH depletion were equally
efficient in blocking Na,K-ATPase (9). Maximal activity of the
enzyme in freshly isolated cerebellar neurons was only
observed within a “physiological” range of pO2 and redox state
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characteristic for neonatal rat cerebellum. Hypoxic and hyper-
oxic conditions and oxidative and reductive stress were associ-
ated with a decrease in Na,K-ATPase activity (9, 10). Altera-
tions ofNOproduction in response to hypoxia or ischemia have
been shown to play a decisive role in oxygen-induced inhibition
of Na,K-ATPase (10–13). Taken together, these findings sug-
gest that Na,K-ATPase, similar to numerous other redox-sen-
sitive enzymes (14, 15), may respond to shifts in the redox state
and oxygen availability by S-nitrosylation and S-glutathionyla-
tion of the regulatory thiol groups. S-Glutathionylation of the
Na,K-ATPase !1 and FXYD subunits has been recently dem-
onstrated (16, 17). Binding of glutathione to a single reduced
cysteine residue in the regulatory ! subunit caused a modest
decrease in the Na,K-ATPase activity in cardiomyocytes (16).
Theseminor effects of S-glutathionylation on the enzyme func-
tion did not explain robust redox-induced responses of the
enzyme (9, 10, 12). S-Glutathionylation for any of the 23 evolu-
tionarily conserved cysteine residues of the catalytic " subunit
has never been reported. Fifteen of them are localized in the
cytosolic loops of the subunit forming the ATP-binding site.
These cysteine residues are potentially accessible for interac-
tion with the cytosolic glutathione pool and for enzymes cata-
lyzing deglutathionylation. Hence, we have hypothesized that
S-glutathionylation of cysteine residues of the catalytic " sub-
unit may be actively involved in redox-induced regulation of
the Na,K-ATPase.
Using purified enzyme preparations from rabbit kidneys and
duck salt glands ("1!1 isozyme), and crude homogenate from
isolated blood-perfused rat hearts ("1! and "2! isozymes), we
have revealed the presence of basal and regulatory S-glutathio-
nylation sites in the " subunit of the Na,K-ATPase. Binding of
glutathione to the Cys-454, -458, -459, and -244 was associated
with complete inhibition of the enzyme. The inhibitory action
of S-glutathionylation was caused by occlusion of the adenine
nucleotide-binding site by glutathione.
EXPERIMENTAL PROCEDURES
Animal handling and experimentation was approved by the
Swiss Federal Veterinary Office and the Bioethic Committee of
the Faculty of Biology,M.V. LomonosovMoscow State Univer-
sity. Experiments were performed in accordance with the Swiss
and Russian Federation animal protection laws and institu-
tional guidelines that comply with the guidelines of the Insti-
tute for Laboratory Animal Research.
Myocardial Tissue Isolation andHandling—Wistarmale rats
(300–400 g) were anesthetized and heparinized, and 8–10 ml
of blood and the heart were collected. The hearts were then
perfused via aorta with autologous blood equilibrated with a
humidified gas phase containing 20% (normoxia, hemoglobin
oxygen saturation, SO2! 98%) or 5%O2 (hypoxia, SO2! 35%),
5%CO2, and 75 or 90%N2, 37 °C, 1 h) (13). The heartswere then
chilled and perfused with an ice-cold sodium/potassium-free
isotonic buffer solution. Ventricular tissue was subsequently
used to assess the Na", K", water content, GSH and GSSG
content, and Na,K-ATPase activity (13).
Na,K-ATPase Purification and Activity Measurements—
Na,K-ATPase ("1!1 isozyme) was purified from duck salt
glands and rabbit kidneymedulla (for details see Refs. 18, 19) up
to the purity grade of 99 and 95% of total protein, respectively,
as confirmed by electrophoresis. Na,K-ATPase-specific activity
of the duck enzyme reached#2400#mol of Pi (mg of protein$
h)%1 at 37 °C, and in rabbit preparationswas 800–1200#mol of
Pi (mgof protein$h)%1. The activity ofNa,K-ATPase ("1! and
"2! isozymes) from the rat heart was assessed either in the
crude homogenate prepared from ventricular tissue (13) or in
the sarcolemmal membrane fraction (20). Activity of the duck,
rabbit, and rat Na,K-ATPase was measured as ouabain-sensi-
tive (1 mM) ATP cleavage in the medium containing (in mM)
130 NaCl, 20 KCl, 3 MgCl2, 3 ATP, and 30 imidazole, pH 7.4,
37 °C, when not stated otherwise (9, 13, 21).
Kinetics of the inhibitory action of GSSG on the rabbit Na,K-
ATPase was monitored over 30 min in the presence of 25, 71.5,
or 143#MGSSG at room temperature. Samples containing 3–5
#g of Na,K-ATPase were collected every 5 min for activity
measurements. An#500-fold excess of GSSG over the number
of enzyme –SH groups made the Na,K-ATPase inhibition rate
essentially independent of the inhibitor concentration. The
interaction of GSSG with the enzyme was described by the
pseudo-first order kinetics Equation 1,
At $ A0 ! e%k&GSSG't (Eq. 1)
where A0 and At are the enzyme initial and current activity; k is
the inhibition rate constant; [GSSG] is the inhibitor concentra-
tion; and t is the time of exposure to GSSG. The product of k
and [GSSG] was then determined from the slope of the linear
plot showing ln(At/A0) as a function of time, and the inhibition
rate constant was calculated.
Na,K-ATPase activity was assessed as a function of theGSSG
concentration. The purified duck and rabbit enzyme as well as
the sarcolemmal fraction isolated from the ventricular homo-
genate were exposed to 0.05–1 mM GSSG. Na,K-ATPase activ-
ity was then plotted against GSSG concentration and fitted
using the logistic sigmoid function to obtain the values of
apparent IC50 values (22) using Origin 7.0 (MicroCal).
Immunoblotting—S-Glutathionylation of the "1 and !1 sub-
units in purified Na,K-ATPase preparations and of the "1 sub-
unit in the crude ventricular homogenates and sarcolemmal
fraction were assessed using immunoblotting. Proteins were
separated on SDS-PAGE and transferred to a nitrocellulose
membrane. After the blocking procedure, mouse monoclonal
anti-glutathione antibody (Chemicon Millipore, MAB5310)
was added. The membranes were then stripped, and mouse
monoclonal anti-Na,K-ATPase "1 antibody clone C464-6
(Upstate Millipore) and anti-Na,K-ATPase !1 antibody clone
C464-8 (Upstate Millipore) were applied to detect the total
amount of "1 and !1 subunits, followed by horseradish perox-
idase-conjugated secondary antibodies. Densitometric analysis
was performed, and the results were expressed as "1(!1)-SSG/
total "1.
Isothermal Titration Calorimetry—The thermodynamic
parameters of adenine nucleotide binding to rabbit Na,K-ATPase
were measured using a MicroCal iTC200 instrument (Micro-
Cal, Northampton, MA), as described elsewhere (23). Experi-
mentswith nonglutathionylated (dithiothreitol (DTT), 100#M)
and glutathionylated (GSSG, 1 mM) Na,K-ATPase were carried
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out at 25 °C in imidazole buffer containing 25 mM imidazole, 1
mM EDTA, 250 mM sucrose, pH 7.5. Aliquots of the ligand (3.8
!l, 20–30 !M) were injected into the cell containing 2–3 !M
Na,K-ATPase to achieve a complete binding isotherm. To
obtain the effective heat of binding, the heat of dilution was
subtracted from the heat of the reaction. The resulting titration
curves were fitted using the MicroCal Origin software, assum-
ing one set of binding sites. Affinity constants (Ka) and enthalpy
variations (!H) were determined, and the Gibbs energy (!G)
and the entropy variations (!S) were calculated from Equa-
tion 2,
!G " "RT ln Ka" !H" T!S (Eq. 2)
Mass Spectrometry—Cysteine residues undergoing S-gluta-
thionylation in the duck Na,K-ATPase #1 subunit were identi-
fied using MALDI-TOF MS. The enzyme was exposed to 1.7
mM GSH and 170 !M GSSG for 30 min at room temperature
and then incubated with SDS (5 min, 37 °C). # and $ subunits
were separated by SDS-PAGE in the absence of $-mercapto-
ethanol, and the band corresponding to the #1 subunit was
excised and subjected to an in-gel digestion by trypsin (24) or by
#-chymotrypsin. For in-gel digestion, #-chymotrypsin or tryp-
sinwas dissolved in 50mM ammoniumbicarbonate buffer solu-
tion in a concentration of 30 or 13 ng/!l correspondingly just
before use. MALDI-TOF MS analysis of the resulting peptide
fragments was performed using Ultraflex II TOF/TOF mass
spectrometer (Bruker Daltonics, Germany). Tryptic fragments
in solution were transferred onto the MTP 384 target plate
polished steel TF mass spectrometric target, dried on air, and
then overlaid with a matrix solution consisting of 2,4-dihy-
droxybenzoic acid (201346, Bruker Daltonics) and #-cyano-4-
hydroxycinnamic acid (201344, Bruker Daltonics) in concen-
trations of 2.4 and 3 mg/ml, respectively, in 50% acetonitrile in
water, 0.1% TFA. Results of 4000 laser impulses (200 impulses
from 20 different points of one spot) were summed up for every
spectrum. TheMS data were processed using Bruker Daltonics
Flex Analysis 2.4 software, and the accuracy of mass determi-
nation of peptides was fixed to 100 ppm. Correlation of theMS
data with the protein sequence was done using Bruker Dalton-
ics BioTools 3.0 software.
Modeling—Comparison of the amino acid sequences of pig
(P05024 in the UniProtKB database), duck (Q7ZYV1), rabbit
(Q9N0Z6), and rat (P06685) indicates that the localization of
cysteine residues is conserved in all species. This allowed us to
use the existing crystallographic 3.5 Å structure of the porcine
#1 subunit of Na,K-ATPase (Protein Data Bank code 3b8e) to
model the changes appearing in the enzyme after glutathiony-
lation. Three-dimensional models of the S-glutathionylated
Na,K-ATPase catalytic #1 subunit were created on the basis of
the previously published 3.5 Å structure of the porcine #1 sub-
unit (25). Cartesian coordinates were obtained from the
Brookhaven Protein Data Bank (Protein Data Bank code 3b8e).
Corresponding cysteine residues in duck, rabbit, or rat #1 sub-
units are shifted upward by 2 comparedwith the numbering for
cysteines in porcine #1 sequence (denoted as cysteinesp). For
the simulation of S-glutathionylation, GSH molecules were
inserted into the protein via disulfide bridges with cysteines.
Twomodels have been built as follows: amodel containing four
glutathiones bound to the Cys-246p, -452p, -456p, and -457p
residues, and a model with the ATP docked to the protein as
described (26). Glutathione andATPwere inserted into protein
with minimal geometric strain and no steric overlaps. Each
model was subjected to energy minimization until conver-
gence, using a combination of Steepest Descents, Conjugate
Gradients, and Truncated Newton algorithms. The energy cal-
culations were carried out under the MMFF94x force field
using the MOE version 2009.10 modeling software (Molecular
Operating Environment (MOE), 2011.10; Chemical Comput-
ing Group Inc., Montreal, Quebec, Canada). Then the models
were superimposed using the structural alignment by MOE
software.
Statistical Analysis—Values are shown as means# S.D. Sta-
tistical analysis was performed using GraphPad InStat 3
(GraphPad Software, Inc., La Jolla, CA). Either the Student’s t
test or one-way analysis of variance with Bonferroni post-test
were applied depending on the type of experiments, and the
difference was considered significant at p$ 0.05.
RESULTS
# Subunit of the Na,K-ATPase Is S-Glutathionylated—The
presence of S-glutathionylated cysteine residues in ubiqui-
tously expressed #1 subunit of the Na,K-ATPase was assessed
using immunoblotting. Basal S-glutathionylation was observed
in the #1 subunit of the duck (Fig. 1A), rabbit (Fig. 1C), and rat
(Fig. 1D) enzyme. $1 subunit was also S-glutathionylated as
shown in Fig. 1B for the duck enzyme preparation. S-Glutathio-
nylation of the #1, but not of $1, subunit was further enhanced
upon exposure of the enzyme to GSSG (1 mM) (Fig. 1, A–C).
Treatment of the rabbit enzyme with 100 !MDTT reduced the
basal S-glutathionylation level of the #1 subunit (Fig. 1C).
Exposure of rat myocardium to hypoxia was associated with an
increase in the #1 subunit S-glutathionylation in crude ventric-
ular homogenates up to 1.5-fold over the values observed in
normoxic heart (Fig. 1D). S-Glutathionylation of the#1 subunit
of the Na,K-ATPase in hypoxic myocardium occurred concur-
rently with an increase of GSSG levels in tissue from 86# 8 to
176# 10!mol/liter tissue water. Exposure of the purified duck
Na,K-ATPase to a mixture of 1.7 mM GSH and 170 !M GSSG
imitating conditions occurring in hypoxic heart resulted in
complete inactivation of the enzyme.
GSSGTreatmentCauses Inhibition of theNa,K-ATPase—Ex-
posure of rabbit Na,K-ATPase to GSSG resulted in time- and
dose-dependent suppression ofNa,K-ATPase activity (Fig. 2A).
The inhibitory action of GSSGwas biphasic. Fast interaction of
GSSG with the enzyme accounting for %80% inhibition of the
Na,K-ATPase was followed by a slow interaction phase leading
to complete inactivation of the enzyme (Fig. 2B). The corre-
sponding rate constants were 1655 M"1 min"1 for the fast and
163 M"1 min"1 for the slow interaction phases (Fig. 2B).
The GSSG concentration at half-maximal inhibition (IC50)
was similar for the rabbit and duck #1$1 isozymes (66# 3 and
59# 2 !M, respectively) (Fig. 3, A and B). Complete inhibition
of the Na,K-ATPase by 100 !MGSSG was observed even at the
presence of 10 mM GSH. The sensitivity of the duck Na,K-
ATPase to GSSGwas lost after 4 h of exposure of the enzyme to
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20% O2 (air) at 4 °C prior to GSSG treatment (Fig. 3B). Similar
desensitization to the inhibitory action of GSSGwas confirmed
for the rat sarcolemmal Na,K-ATPase pre-exposed to 100% O2
for 30 min prior to GSSG treatment (Fig. 4A). The loss of sen-
sitivity to GSSGwas not associated with any profound effect on
the Na,K-ATPase function (Fig. 4). Prolonged (6–9 months)
storage of myocardial tissue at!80 °C at 20%O2 (air) was asso-
ciated with the same loss of sensitivity of the rat Na,K-ATPase
to GSSG along with preservation of its hydrolytic activity. This
did not occur in tissue samples stored in liquid nitrogen (Fig.
4B).
! Subunit S-Glutathionylation Regulates Na,K-ATPase
Activity in Hypoxic Rat Heart—S-Glutathionylation of the
Na,K-ATPase !1 subunit triggered by hypoxic exposure of rat
heart (Fig. 1D) was associated with suppression of the enzyme
function in crude ventricular tissue homogenate (Fig. 5A). Inhi-
bition of the enzyme contributed to significant Na" accumula-
tion in ventricular tissue (from 40.1 # 4.3 to 55.0 # 2.7 mmol
kg!1 dry weight, p$ 0.043) and K" loss (from 269# 9 to 222#
15mmol kg!1 dry weight, p$ 0.031) during hypoxic exposure.
Some of the enzyme remained inhibited by the! subunit S-glu-
tathionylation even in normoxic myocardium because degluta-
thionylation (DTTexposure)was associatedwith only amodest
increase in Na,K-ATPase activity (Fig. 5B). Induction of S-glu-
tathionylation of the ! subunit by supplementation of glutare-
doxin 1 (GRX)4 and its substrates, NADPH and GSH, caused
inhibition of the enzyme (Fig. 5B). The inhibitory effect of GRX
treatment was directly proportional to the S-glutathionylation
level (Fig. 5C). Depending onGSH/GSSG availability, GRX cat-
alyzed either S-glutathionylation or deglutathionylation of the
! subunit as described earlier for other GRX targets (27). Shift-
ing the GSH levels by treating the tissue homogenate with glu-
tathione reductase resulted in GRX-induced S-glutathionyla-
tion and the enzyme inhibition (Fig. 5C). GSH binding to
cysteine residues affecting the Na,K-ATPase activity occurred
only in the presence of GRX as a catalyst (Fig. 5, B and C).
Deglutathionylation of the ! subunit was catalyzed by GRX in a
4 The abbreviation used is: GRX, glutaredoxin 1.
FIGURE 1. S-Glutathionylation of the! and" subunits of Na,K-ATPase. Basal S-glutathionylation and S-glutathionylation after 1 h of incubationwith 1mM
GSSG for !1 (A) and "1 (B) subunits of the duck Na,K-ATPase. Bars represent the changes in the S-glutathionylated (GSS-!1/") form of the protein normalized
by its total amount.n$ 3,mean# S.D. Presented above are the original immunoblotting readouts.Asterisk indicates significant differences (p$ 0.014) relative
to control as determined by the two-tailed t test. C, changes in S-glutathionylation of the !1 subunit isolated from rabbit kidneys in the absence (lanes 1 and
3) or in the presence (lanes 2 and 4) of 100#M dithiothreitol and thereafter exposed to 1mM GSSG at 25 °C for 25 min (lanes 3 and 4). D, S-glutathionylation of
the!1 subunit in rat hearts perfusedwithnormoxic (Norm, n$3) or hypoxic (Hyp,n$5) blood for 1h.Bars represent the S-glutathionylated formof theprotein
(GSS-!1) normalized to total amount of the !1 protein (mean # S.D.). Asterisk indicates significant differences (p $ 0.0124) relative to the normoxic heart
sample as determined by one-way analysis of variance.
Catalytic! Subunit S-Glutathionylation Blocks Na,K-ATPase
32198 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287•NUMBER 38•SEPTEMBER 14, 2012
 at SM
AC Consortium




sarcolemmal fraction pretreated with GSSG to induce S-gluta-
thionylation (Fig. 5D). As mentioned above, Na,K-ATPase in
the myocardium is presented by !1" and !2" isozymes. The
!2" isozyme was known to be more susceptible to oxidation
than the !1" isozyme and may be blocked by 10 #M ouabain,
whereas the!1" isozyme in rat did not respond to this inhibitor
concentration (28). We have used this difference in ouabain
sensitivity to assess the responses of both isozymes in rat sar-
colemmal membranes to GSSG treatment. Na,K-ATPase func-
tionwas assessed in two sets of samples, one ofwhich contained
10#Mouabain and the otherwas ouabain-free. As shown in Fig.
5E, the !2" isozyme was blocked by GSSG at concentrations
6-fold lower than the !1" isozyme with IC50 at 43.6! 9.2 and
265! 13 #M for the !2 and !1 isoforms, respectively. Progres-
sive inhibition of the !1" isozyme followed a dose-dependent
increase in S-glutathionylation of the !1 subunit shown as bars
in Fig. 5E.
S-Glutathionylation Prevents the Adenine Nucleotide Bind-
ing to Na,K-ATPase—The experiments presented above were
performed in the absence of ATP because GSSG treatment of
the Na,K-ATPase precluded enzyme activity measurements.
Pretreatment of rabbit Na,K-ATPase with GSSG prior to
exposing the enzyme to ATP completely inhibited the enzyme
(Fig. 6A). However, when GSSG was added to the enzyme, in
the presence of ATP at a concentration exceeding 0.5 mM, the
inhibitory effect of GSSG was completely averted (Fig. 6B).
Thus, the inhibitory action of GSSG on the Na,K-ATPase was
caused by its interaction with the free enzyme and not with the
enzyme-substrate complex.
FIGURE 2. Kinetics of GSSG-induced inhibition of rabbit kidney Na,K-
ATPase. A, changes in the activity of the Na,K-ATPase during the incubation
in the absence (filled squares) or presence of 25 (open diamonds), 71.5 (open
triangles), or 143#M (open circles) GSSG. Data are represented as themean of
three experiments ! S.D. Errors are less than 2 (not shown). B, logarithm of
the relativeNa,K-ATPase activityAt/A0was plotted against the time (t) of incu-
bation with 143 #M GSSG. A0 denotes the activity of Na,K-ATPase without
GSSG, and At denotes the activity at time (t) of incubation with GSSG. The
inhibition constants (k) for the fast and slow phases of the reaction were
obtained from the slope of the linear part of the curve by dividing it by the
GSSG concentration in the medium.
FIGURE 3. Dose response of the inhibitory effect of GSSG on the purified
Na,K-ATPase preparations. A, inhibition of the Na,K-ATPase isolated from rab-
bitkidneysbyGSSGasafunctionofGSSGconcentration.Theenzymeactivitywas
assessed after incubationwithGSSG (25min, 25 °C) andnormalized to activity of
thenontreatedenzyme.Theapparent IC50, obtainedby fitting thedatausing the
logistic sigmoid function,was66!3#M.B, inhibitionof theNa,K-ATPase isolated
fromducksaltglandsbyGSSGasafunctionofGSSGconcentration(filledsquares),
asdescribedabove.Theeffectofexposure toair (4h,4 °C)prior to treatmentwith
GSSGwas also determined (open circle). The apparent IC50 for the inhibitionwith
GSSG of the duck enzyme before exposure to air was 59! 2#M. Data are repre-
sented as themean of three experiments! S.D.
FIGURE4.EffectofincubationoftheSLfractionintheatmosphereofpureO2
andtissuestorageat!80 °C incontactwithairontheresponseof theNa,K-
ATPase to hypoxia or GSSG treatment. A, effect of various concentrations of
GSSGon theNa,K-ATPase function in freshly prepared sarcolemmalmembranes
(filled triangles) or sarcolemmal membranes pre-exposed to an atmosphere of
100% O2 for 30 min before GSSG treatment (open squares) n" 4 per condition,
means ! S.D. B, Na,K-ATPase activity in crude ventricular tissue homogenates
prepared from ventricular tissue and stored for 4–8 weeks either at#80 °C in
contact with air (gray bars) or in an atmosphere of liquid nitrogen (black bars).
Data are presented as a mean of five independent experiments! S.D. Asterisk
indicates significant differences (p " 0.0078) relative to the corresponding
N2-stored normoxic control as determined by the two-tailed unpaired t test.
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Isothermal titration calorimetry was used for direct assess-
ment of the thermodynamic parameters for nucleotide binding
to rabbit Na,K-ATPase in nonglutathionylated and glutathio-
nylated forms. Heat production associated with the interaction
of ADPwith the rabbit enzymewasmeasured in the presence of
DTT or GSSG. A set of original data obtained in such experi-
ments is shown in Fig. 5C. The ADP binding to Na,K-ATPase
was enthalpy-driven (!H"#8.2$ 0.3 kcal mol#1, T!S" 1.1
kcal mol#1) with a binding constant Ka of 6.8$ 1.4% 106 M#1.
The stoichiometry of ADP binding to Na,K-ATPase was&0.8.
S-Glutathionylation of the enzyme by GSSG completely abol-
ished ADP binding to the Na,K-ATPase (Fig. 6C).
Glutathionylated SH Groups Are Localized in the Large and
Small Cytosolic Loops of the ! Subunit—Identification of the
cysteine residues of the duck Na,K-ATPase that are S-gluta-
thionylated in the native active enzyme and cysteines undergo-
ing S-glutathionylation upon exposure toGSSGwas performed
usingmass spectrometry. Duck Na,K-ATPase was exposed to a
mixture of 1.7 mM GSH and 170 "M GSSG, and the concentra-
tions were found to be present in hypoxic heart and to effec-
tively inhibit the enzyme function. Enzyme activity measure-
ments were performed in control and GSH/GSSG-treated
protein samples. Thereafter, two enzyme samples were col-
lected from control and treated enzyme, and each of them pro-
teolyzed by either trypsin or chymotrypsin and MALDI-TOF
MS was used to detect cysteine thiol modifications in resulting
proteolytic fragments. The !1 sequence coverage reached
70–80% for chymotrypsin-digested fragments and was
50–60% for tryptic fragments. The list of cytosolic cysteine
residues of the !1 subunit undergoing S-glutathionylation in
the control and treated enzyme is summarized in Table 1.
Listed there are the m/z ratios for each fragment and relative
peak intensities. Localization of cysteines within the sequence
is schematically shown in Fig. 6D. As shown in Table 1, treat-
ment of the enzyme with GSH/GSSG was associated with an
increase in S-glutathionylation of theCys-454, -458, and -459 of
the big cytosolic loop and theCys-244 localizedwithin the small
cytosolic loop of the !1 subunit. Cysteine residue 423 has never
been found S-glutathionylated.
Glutathionylation of Residues Cys-452p, -456p, and 457p Dis-
rupts the ATP Binding by !1 Subunit of Na,K-ATPase—The
structural alignment of themodel containing three glutathionyl
residues bound to the Cys-452p, -456p, and -457p residues (cor-
FIGURE 5. Regulation of the Na,K-ATPase in rat heart by S-glutathionyla-
tion. A, activity of the Na,K-ATPase in crude homogenate prepared from nor-
moxic (Norm) and hypoxic (Hyp) hearts. n" 5 per condition. Asterisk denotes
p" 0.0039. B, effects of 100 "M DTT and GRX/NADPH-catalyzed (0.6 units of
GRX/200 "M NADPH) S-glutathionylation by 300 "M GSH on Na,K-ATPase
activity in normoxic crude ventricular homogenates. n" 4per group.Asterisk
indicates p" 0.0059 relative to the nontreated crude homogenate sample as
determined by the two-tailed paired t test. C, dose-dependent GSH-induced
S-glutathionylation (openbars) and the corresponding changes in the activity
of the enzyme (line) in crudehomogenate treatedwithglutathione reductase
and 0.6 units GRX/200 "M NADPH. n " 4. D, effect of GSSG-induced gluta-
thionylation and GRX-catalyzed deglutathionylation on the enzyme function
in sarcolemmal membranes prepared from normoxic crude homogenate.
S-Glutathionylation was induced by treating the sarcolemmal membranes
with 300 "M GSSG and reversed with 0.6 units of GRX/200 "M NADPH. Data
are represented as themean of four hearts per condition$ S.D. Shown in the
upper panel is a representative Western blot for the total and S-glutathiony-
lated !1 subunit. * denotes p" 0.0001 compared with the GRX-treated con-
trol (Con) and # stands for p" 0.002 compared with the sample treated with
GSSG alone. E, differential sensitivity of the !1 and !2 isozymes to the inhib-
itory action of GSSG. Activity of the Na,K-ATPase (!1' !2) or the !1 isozyme
alonewas assessed in sarcolemmalmembranes prepared from the normoxic
heart treated with various GSSG concentrations. Activity of the !2 isozyme
was calculated by subtracting the activity of the !1 isoform from the total
Na,K-ATPaseactivity. Fittingof theplotswithdouble (!1'!2)or single (!1or
!2 alone) logistic sigmoidal functions was performed giving apparent IC50
values for!1 as 271.1$ 1.7"M and for!2 as 43.6$ 9.2"M.Gray bars and the
lower panel show the changes in S-glutathionylation of the !1 subunit fol-
lowedby the corresponding changes in the enzyme activity. n" 5 per group.
All plotted data are represented as mean values$ S.D.
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responding to the Cys-454, -458, and -459 residues in the duck,
rabbit, and rat sequences), and the model with the ATP mole-
cule docked to the protein, has been done by theMOE software
(Fig. 7A). According to the model, the distance between the
terminal negatively charged phosphate of the ATP molecule
and the carboxyl group of glutathione bound to the Cys 452p
carrying the same negative charge is less than 8 Å (Fig. 7A).
Electrostatic repulsion forces between these two negative
charges are sufficient to hinder attachment of the ATP to the
S-glutathionylated binding site moiety. The same is true for
glutathione binding to the Cys-452p in the presence of ATP in
docked position. This electrostatic repulsion will become even
more pronounced as an additional two cysteines in the vicinity
of the ATP-binding site, Cys 456p and 457p (Fig. 7A), are S-glu-
FIGURE 6. Competition between nucleotides and GSSG for the Na,K-ATPase nucleotide-binding site. A, pretreatment of the Na,K-ATPase prevents the
dose-dependent activation of the Na,K-ATPase with ATP. Na,K-ATPase purified from rabbit kidney was preincubated both in the presence and absence 70!M
GSSG for 25 min and then its activity was measured as a function of ATP availability. The data are represented as mean values ! S.D. n " 3. B, ATP causes
dose-dependent prevention of the inhibitory action of 1 mM GSSG when ATP and GSSG are simultaneously present in the incubation medium. The data are
represented as mean values ! S.D. n " 3. C, inhibitory effect of S-glutathionylation on the ADP binding to Na,K-ATPase. An original isothermal titration
calorimetry recording (upperpanel) andbinding isotherms (lowerpanel) of theNa,K-ATPase interactionwithADP in thepresenceofDTT (100!M,black) orGSSG
(1 mM, red) at 25 °C. D, localization of S-glutathionylation sites on the "1 subunit. Membrane domains of the "1 subunit are shown as barrels numbered as
M1–M10. Cytosolic or extracellular domains are shownas lines, where theouabain-binding site is shown inblue andnucleotidebindingdomain is in red. “C” and
“N” indicate the C and N terminus. Cysteine residues are presented as filled circleswith numbers corresponding to the duck/rabbit/rat "1 sequence. Cysteines,
which undergo S-glutathionylation uponGSH/GSSG treatment, are shown in red. The Cys-236 absent in the"1but present in the"2 isozyme is shown in green.
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tathionylated. The results of modeling comply with the obser-
vation that interaction of ATP with its binding site and binding
of glutathione to the regulatory cysteine residues are mutually
exclusive (Fig. 6,A–C). Modeling based on the crystal structure
of the enzyme inE2P conformation did not showany significant
interaction of Cys-246p with the ATP-binding site. However,
this may not hold true for the enzyme in E1 conformation (25).
DISCUSSION
The obtained data indicate that S-glutathionylation of the
catalytic ! subunit may result in complete inactivation of the
enzyme by making its adenine nucleotide-binding site inacces-
sible for ATP. Regulatory S-glutathionylation does not occur
spontaneously, onlywhenATPdepletion reaches a threshold of
!500 "M (Fig. 6B). Therefore, inactivation of the enzyme pre-
vents irreversible ATP deprivation under conditions of limited
ATP supply. S-Glutathionylation of regulatory cysteines is pro-
moted under oxidative stress when GSSG concentration
increases in the cytosol. However, it may also be mediated by
GSH in the presence of GRX (Fig. 5C) indicating that oxidative
stress is not necessarily required to trigger S-glutathionylation.
ATP depletion on the contrary is absolutely required to induce
regulatory S-glutathionylation. The ability of ATP to protect
Na,K-ATPase from HO!-induced inactivation has been shown
previously (27).
Basal S-Glutathionylation of ! Subunit—In contrast to reg-
ulatory S-glutathionylation, endogenous basal S-glutathionyla-
tion is an intrinsic feature of theNa,K-ATPase catalytic subunit
and is independent of the ATP availability. Removal of basal
glutathionylation by DTT was not followed by an alteration of
the Na,K-ATPase activity. Physiological relevance of basal
S-glutathionylation remains unclear. However, its high abun-
dance suggests that basal S-glutathionylation is required for the
maintenance of optimal protein function. Similar to the ! sub-
unit of Na,K-ATPase, basal S-glutathionylation was described
for its structural homologue, SERCA-2A (28), as well as for
ryanodine receptors (29).
S-Glutathionylation of ! Subunit Leads to Complete Inhibi-
tion of the Na,K-ATPase—Interaction of glutathione with reg-
ulatory cysteine residues resulted in complete inhibition of the
enzyme (Figs. 3 and 5). S-Glutathionylation of the catalytic sub-
unit associated with the changes in enzyme activity represents
typical regulatory glutathionylation as described earlier (30).
Hypoxia is a physiological stimulus that induces regulatory
S-glutathionylation in rat heart. Oxygen consumption rate in
the myocardium exceeds that in the brain, and reduction of the
O2 supply of this tissue is followed by rapid reduction in ATP
levels (13) along with GSSG accumulation (see above). As we
have demonstrated in this study, these conditions promote reg-
ulatory S-glutathionylation. Na,K-ATPase may be S-glutathio-
nylated in a reaction of thiol-disulfide exchange within the
physiological concentration range of GSH and GSSG of 1–10
mM and 50–500 "M, respectively (Figs. 3 and 5E) (9, 31, 32).
Thiol-disulfide exchange reaction with glutathione is compar-
atively rare, and the few other proteins where it is also physio-
logically relevant are c-Jun (33) and aldose reductase (34). For
the vast majority of other proteins, including the # subunit of
the Na,K-ATPase, intermediate S-nitrosylation step or other
thiol modifications preclude the formation of S-glutathiony-
lated adducts (16).
Regulation of the Na,K-ATPase function by S-glutathio-
nylation is fast (Fig. 2) and completely reversible (Fig. 5D).
GRX actively participates in deglutathionylation or induc-
tion of S-glutathionylation depending on the changes in
GSH and NADPH levels. Therefore, GRX coordinates the
activity of numerous redox-sensitive proteins adjusting to
the changes in the redox microenvironment (Fig. 5, C and D)
(35–37). Spontaneous deglutathionylation catalyzed by GRX
and thioredoxins is most likely to be the cause of the gradual
loss of the inhibitory effect of ischemia on the Na,K-ATPase
in heart tissue homogenate with time, as reported by Fuller et
al. (12).
Biphasic kinetics of the inhibitory action of GSSG on
Na,K-ATPase activity may reflect the existence of two dis-
TABLE 1
MALDI-TOF-MS analysis of the glutathionylated Cys-containing peptides of !1 subunit of the Na,K-ATPase
Na,K-ATPase isolated from duck salt glands was treated with a mixture of GSH (1.7 mM) and GSSG (170 "M), and the !1 subunit of the enzyme before (control, active
enzyme) and after (GSH/GSSG, inactivated enzyme) treatment was subjected to either tryptic or chymotryptic digestion. The resulting fragments were analyzed by
MALDI-TOF MS. Shown in the table are only the tryptic and chymotryptic fragments containing S-glutathionylated cysteine residues. Listed in the table are the
experimental and calculatedm/z ratio values (monoisotopic mass-to-charge ratio of the singly charged peptide ions) of the fragments. The calculatedm/z values are for the
fragments in which all cysteine residues are present in nonmodified (reduced) form.!ysteinemodification was assessed by comparison of the experimentalm/z values with
the calculated ones. Binding of glutathione (–SG) increasesmass of the fragments by 305Da. Peakswithmaximal intensitywere chosen as referent ones for analysis of tryptic
and chymotryptic fragments. These peaks differed for tryptic and chymotryptic fragments. The same referent peaks were used for analysis of fragments obtained from
control and GSH/GSSG-treated samples. The peak intensity of the fragment normalized to intensity of the corresponding referent peak is presented in the table as relative






















206 194–207 tryptic IPADLRIISAHGCK 1798.82 1798.89 1493.82 1798.89 SG 0.72 0.77
244 236–250 tryptic NIAFFSTNCVEGTAR 1934.95 1934.86 1629.76 1934.84 SG 0.08 0.47
338, 351 336–353 chymotryptic TVCLTLTAKRMARKNCLV 2326.19 2326.19 2021.14 2326.21 SG, SH 0.14 0.21
351, 369 350–372 tryptic NCLVKNLEAVETLGSTSTICSDK 3035.49 3035.48 2425.19 3035.33 SG, SG 0.03 0.03
454, 458, 459 454–468 tryptic CIELCCGSVKEMRER 2671.20 2671.19 1755.79 2671.01 SG, SG, SG 0.05 0.13
458, 459 456–462 chymotryptic ELCCGSV 1015.34 1015.34 710.28 1015.35 SG, SH 0.28 0.49
513 502–516 chymotryptic MKGAPERILDRCSSI 1981.0 1981.01 1675.86 1980.93 SG 2.98 2.62
551 549–564 chymotryptic GFCHLALPDDQFPEGF 2097.96 2097.95 1792.79 2097.87 SG 1.88 2.13
658 640–660 chymotryptic AARLNIPVSQVNPRDAKACVV 2526.24 2526.36 2221.22 2526.29 SG 0.19 0.13
700 694–702 tryptic LIIVEGCQR 1335.65 1335.65 1030.56 1335.64 SG 0.58 0.78
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tinct classes of regulatory thiol groups, as shown before for
the glycogen debranching enzyme in rabbit skeletal muscle
(38) or alternatively two conformational states (e.g. E1 and
E2) of the Na,K-ATPase in which the same thiol groups
become more or less accessible to interactions with GSSG.
Greater susceptibility of the!2" isozyme to inhibitory S-glu-
tathionylation by GSSG in rat sarcolemmal membranes is of
physiological importance (Fig. 5E). The !2 isoform of the cata-
lytic subunit ismainly localized in the T-tubular zones, where it
is associated with the Na!/Ca2! exchanger (36). Thus, S-gluta-
thionylation and the following inhibition of the !2" isozyme
may have a profound effect on the intracellular Ca2! handling
in cardiomyocytes (36, 37, 39). As the !2 isoform has been
reported to be particularly prone to oxidation (8), more favor-
able binding of glutathione to this isoform will protect it from
oxidation.
Severe oxidative stress is associated with irreversible oxida-
tion of the regulatory thiols to sulfinic or sulfonic acid. When
oxidized to –SO2" or –SO3", the thiol groups cannot be S-glu-
tathionylated, and the Na,K-ATPase loses its redox sensitivity.
In our study, oxidation has been induced by exposure of the
enzyme to 20–100% O2 (Figs. 3B and 4). Isolation of car-
diomyocytes from adult myocardium also inevitably results in
oxidative stress and most likely leads to the inaccessibility of
the ! subunit cysteines for regulatory glutathionylation (16).
Cys-46 of the " subunit is localized almost within the lipid
bilayer, which is less exposed to the cytosol and hence is more
resistant to oxidation. It may still undergo S-glutathionylation
even in isolated cardiomyocytes as reported earlier (16).
Localization of the Regulatory Cysteines—The obtained
results indicate that inhibition of theNa,K-ATPase activitymay
be induced by S-glutathionylation of at least three regulatory
cysteine residues localized within the big cytosolic loop of its !
subunit, Cys-454, -458, and -459. The inability of the enzyme to
bindATP in S-glutathionylated form results froman increase in
negative charge within the ATP binding pocket. The role of
S-glutathionylation of the Cys-244 remains to be clarified.
Along with the data of mass spectrometry, clear differences in
sensitivity to the inhibitory action of GSSG on the!1" and!2"
isozymes (Fig. 5E) suggest that this cysteine residue may play a
regulatory role as well. The more sensitive !2 isoform of the
catalytic subunit possesses one additional cysteine is at position
236, which may be a target for S-glutathionylation along with
Cys-244. It is tempting to suggest that this alteration in the !2
sequence comparedwith that of!1 is a cause of amplification of
the inhibitory effect of GSSG observed for the !2" isozyme in
rat heart (Fig. 5E).
Ca2!-transporting ATPase SERCA2A, a homologue of the
Na,K-ATPase, has also been reported to possess a site of regu-
latory S-glutathionylation (28). But in contrast to Na,K-
ATPase, SERCA2A is activated upon S-glutathionylation of a
single cysteine residue, Cys-674. This cysteine is absent in all !
subunit isoforms of the Na,K-ATPase. The conserved localiza-
tion of cysteine residues within the sequence of SERCA2A and
the ! subunit of the Na,K-ATPase is necessitated by the regu-
latory function of these amino acids. Althoughmutations of the
Cys residues to Ser or Ala in the ! subunit were not associated
with significant changes in the enzyme activity (40), reversible
thiol modifications of some of them may have a striking effect
on the Na,K-ATPase function. Our data indicate that the
resulting mutants will render the enzyme largely redox-insen-
sitive due to the lack of sites of regulatory S-glutathionylation.
FIGURE 7. S-Glutathionylation of the ! subunit as a mechanism of regu-
lation of the Na,K-ATPase. A, superimposition of the three-dimensional
structures of the nucleotide binding domain (Arg-378 to Arg-589) with ATP A
or glutathione B bound to Cys-452p, -456p, and -457p. Shown as a ribbon
diagram is a model created on the basis of 3.5-Å structure of the porcine !1
subunit (Protein Data Bank code 3b8e). The structural alignment was simu-
lated with the program MOE. Glutathione is shown as a ball-and-stick repre-
sentation, and ATP is presented as a space-filling van der Waals representa-
tion with atoms in standard colors for atom type (carbon, gray; oxygen, red;
nitrogen, blue; sulfur, yellow; phosphorus, pink). The distance between the
negatively charged phosphate ATP tail and the negatively charged carboxyl
group of the glutathione bound to the Cys-452p is shown in green and is less
than 8 Å. B, schematic representation of the regulatory S-glutathionylation of
the Na,K-ATPase. The enzyme is shown in dynamic equilibrium between
three distinct states as follows: “turned on” (active, regulated), “turned off”
(reversibly inhibited), and “partially inhibited.” Transformation to the “unreg-
ulated” state is irreversible. Maximal activity of the enzymemay be achieved
under the conditions supporting the optimal redox environment.Mild oxida-
tion (GSSG accumulation coupled to ATP depletion or –SH to –SOH transfor-
mation of the cysteine residues in the partially inhibited mode) or GSH over-
load in the presence of GRX transfers the Na,K-ATPase from turned-on to the
turned-off state in which the regulatory cysteines are S-glutathionylated.
Severe oxidative stress causes oxidation of the –SH groups of the regulatory
cysteines to –SO2H or –SO3H and thus turns the enzyme into the unregulated
state, in which it is unable to respond to the changes in redox state and
remains constantly active.
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Schematic representation of the role of regulatory S-gluta-
thionylation in the control of Na,K-ATPase is shown in Fig. 7B.
Induction of regulatory S-glutathionylation allows us to quickly
inactivate the enzyme under conditions of limited ATP supply.
Mild oxidative stress (e.g. associated with hypoxic exposure)
results in an increase inGSSGandoxidation of regulatory thiols
to sulfenic acid (–SOH). Taken together, these changes pro-
mote S-glutathionylation of cysteine residues thereby inhibit-
ing the Na,K-ATPase and protecting thiols from irreversible
oxidation.Whennot protected, the regulatory thiols get further
oxidized to sulfinic and sulfonic acidmaking the enzyme insen-
sitive to the changes in ATP levels and the redox state.
Our findings reveal the importance of S-glutathionylation of
cysteine residues of the Na,K-ATPase catalytic subunit in
redox-induced responses of the enzyme. S-Glutathionylation of
the regulatory cysteine(s) acts as a switch turning off the Na,K-
ATPase at the low ATP level to prevent irreversible ATP
depletion.
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Segato Komniski M, Yakushev S, Bogdanov N, Gassmann M,
Bogdanova A. Interventricular heterogeneity in rat heart responses to
hypoxia: the tuning of glucose metabolism, ion gradients, and func-
tion. Am J Physiol Heart Circ Physiol 300: H1645–H1652, 2011. First
published March 11, 2011; doi:10.1152/ajpheart.00220.2010.—The
matching of energy supply and demand under hypoxic conditions is
critical for sustaining myocardial function. Numerous reports indicate
that basal energy requirements and ion handling may differ between
the ventricles. We hypothesized that ventricular response to hypoxia
shows interventricular differences caused by the heterogeneity in
glucose metabolism and expression and activity of ion transporters.
Thus we assessed glucose utilization rate, ATP, sodium and potassium
concentrations, Na, K-ATPase activity, and tissue reduced:oxidized
glutathione (GSH/GSSG) content in the right and left ventricles
before and after the exposure of either the whole animals or isolated
blood-perfused hearts to hypoxia. The hypoxia-induced boost in
glucose utilization was more pronounced in the left ventricle com-
pared with the right one. ATP levels in the right ventricle of hypoxic
heart were lower than those in the left ventricle. Left ventricular
sodium content was higher, and hydrolytic Na, K-ATPase activity was
reduced compared with the right ventricle. Administration of the Na,
K-ATPase blocker ouabain caused rapid increase in the right ventric-
ular Na! and elimination of the interventricular Na! gradients.
Exposure of the hearts to hypoxia made the interventricular hetero-
geneity in the Na! distribution even more pronounced. Furthermore,
systemic hypoxia caused oxidative stress that was more pronounced in
the right ventricle as revealed by GSH/GSSG ratios. On the basis of
these findings, we suggest that the right ventricle is more prone to
hypoxic damage, as it is less efficient in recruiting glucose as an
alternative fuel and is particularly dependent on the efficient Na,
K-ATPase function.
glucose utilization; redox state; ventricles
BOTH THE LEFT VENTRICLE (LV) and the right ventricle (RV)
possess structural, biochemical, and metabolic differences that
meet their functional requirements. The LV has approximately
three times the mass and twice the wall thickness of the RV and
can be viewed as a “pressure pump” whose cavity resembles an
elongated cone. The RV, which pumps at a lower pressure and
operates as a “volume pump” is crescent-shaped (26). The
double-peaked waveform of both the right ventricular pressure
and the right ventricular outflow recorded using the electrically
isolated right ventricular free-wall preparation, revealed the
presence of two components in the RV contractile function
(26). The first is attributed to the contraction of the free wall of
the RV, whereas the second is related to the LV and its septal
contraction. Analysis of numerical data suggests that "30% of
the stroke output of the RV was generated by the LV (15).
These differences in the generation of force are mirrored by
differences in the properties of the force-generating proteins.
The distribution of myosin heavy-chain (MHC) isoforms be-
tween the ventricles supports this functional asymmetry. The
RV of the rodent heart is enriched with a fast #-MHC isoform
that exhibits higher levels of myosin ATPase activity than the
slow $-MHC isoform (8, 31, 42). The slow muscle fiber-
specific energy-saving $-MHC isoform, which requires less
energy to generate cross-bridge force, is correspondingly more
abundant in the LV than in the RV (21, 34).
Heterogeneity in ventricular force-generation capacity is
further supported by the differences in sarcoplasmic reticulum
Ca2! reserve (27) between the two ventricles. Excitation prop-
agation differs between the ventricles as do Ca2!-dependent
outward transient Ito,f currents(36) and ATP-dependent, non-
voltage-gated rectified K! currents (2, 19). These differences
stem from heterogeneity in channel expression levels [e.g., that
of Kv4.2, Kv4.3, KChIP2, Kv1.5, and Kv2.1 (9, 25)], densities,
amplitudes, and their sensitivity to agonists (1, 25, 27, 35, 41).
Loss of heterogeneity in ion-current densities after myocardial
infarction results in the development of arrhythmias (25).
Interventricular differences in channel-mediated passive K!
transport imply that active transport of K! mediated by the Na,
K-ATPase also varies between the ventricles to sustain trans-
membrane ion gradients. However, local differences in the
abundance and activity of Na, K-ATPase in ventricular tissue
have never been studied.
Heterogeneity in energy demand required for sustaining the
contractile force and ion gradient preservation suggests asym-
metry in energy production in the ventricles. A local difference
in oxygen extraction (60–75% by the LV and 50–51% by the
RV) was observed during coronary venous blood sampling in
open-chest dogs (28, 49). The right and left resting coronary
venous PO2 is "30 and "20 mmHg (4.0 and 2.7 kPa), respec-
tively, indicating higher demand for energy in the LV (49).
Under resting conditions, oxygen supply is controlled by cor-
onary blood flow, which is higher in the left coronary artery
than in the right.
What happens when the oxygen supply becomes limited?
Severe local or global hypoxia results in “myocardial hiberna-
tion” followed by reduction in heart rate and myocardial
contractility (17). Suppression of oxidative phosphorylation
fuelled mainly by fatty acid metabolism is at least partially
compensated for by an increase in anaerobic glycolysis to
avoid irreversible ATP deprivation (11, 12, 20, 44). In a single
study, autoradiography was used to assess local glucose utili-
zation rates in the ventricles of conscious rats (29). Data
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obtained in these in vivo settings indicate the existence of
LV-to-RV heterogeneity in glucose utilization, which cannot
be statistically resolved because of high interindividual varia-
tion. The present study explores the mechanisms of interven-
tricular heterogeneity in response to acute hypoxic challenge in
rat hearts. Acute challenge (1 h) was employed to exclude the
effects driven by the changes in gene expression. We hypoth-
esized that the differences in oxygen supply and anaerobic
metabolism, as well as those in expression and activity of ion
transport systems, will result in differential sensitivity of ven-
tricles to oxygen deprivation.
In vivo and ex vivo experimental models were used to
compare systemic and autonomous responses of the ventricular
tissue to reduced oxygen supply, respectively. Data obtained in
animals exposed to hypoxia for 1 h were compared with those
generated in isolated rat hearts perfused with hypoxic autono-
mous blood passing through a hollow fiber oxygenator. By the
reduction of the complexity of the system, this ex vivo model
offered greater precision and reproducibility. We have moni-
tored the interventricular heterogeneity and hypoxia- sensitiv-
ity of glucose utilization, tissue ion content, and redox state.
Resulting data revealed substantial differences in glucose uti-
lization capacity and maintenance of Na!/K! gradient be-
tween the LV and RV.
MATERIALS AND METHODS
Organ harvesting procedure. Male Wistar rats (180–250 g) were
purchased from Janvier (Le Genest, St Isle, France). All animal
experiments were approved by the Federal Veterinary Office and
performed in accordance with Swiss animal protection laws and
institutional guidelines that comply with guidelines of the American
Physiological Society and the Institute of Laboratory Animal Re-
sources.
In vivo hypoxic model. Rats exposed to systemic hypoxia were
placed in an InVIVO2 1000 hypoxic cabinet (Ruskinn Technology/
Ruskinn Life Sciences, Bridgend, UK) in standard cages. Food and
water were provided ad libitum. Ten percent oxygen was used in the
in vivo hypoxic settings because conscious rats can tolerate this O2
levels well and show a prominent hypoxic response (46, 47). During
the experiments, rats showed no signs of distress except for reduced
activity and moderate hyperventilation. The reduction of O2 content in
the hypoxic chamber from 20% to 10% was performed gradually,
reducing oxygen in 2% increments with adaptation periods of 10 min
at each pO2 level. The animals remained in the hypoxic chamber for
1 h and were euthanized immediately upon removal from the cham-
ber. The hearts were quickly harvested and chilled in an ice-cold
sucrose washing solution [300 mM of sucrose and 20 mM of a
HEPES-TRIS buffer (pH 7.4 at 0°C)]. Blood from the coronary
vessels was then removed by perfusion with the same sucrose solution
and processed as described below. The control animals from the
normoxic group spent 2 h in the air-filled InVIVO2 hypoxic cabinet,
and tissues were processed as described above.
Ex vivo blood-perfused rat-heart model. Before blood harvesting,
animals were anesthetized using isoflurane (3% in a 1:1 mixture of O2
and N2O). The abdomen was opened and heparin (100 "l of 10,000
U/ml heparin; Braun, Grenchen, Switzerland) injected into the caudal
vein. Blood (5–8 ml) was then collected from the caudal vein, and the
animals were euthanized. Immediately after, the heart was removed
and cooled down in an ice-cold physiological solution containing (in
mM): 120 NaCl, 25 NaHCO3, 1 CaCl2, 0.15 MgCl2, 10 glucose, 0.1
L-arginine, 10 TRIS-HCl, pH 7,4. The ex vivo organ perfusion circuit
constructed by Dr. J. Vogel consisting of a minioxygenator, a ther-
mostated organ chamber, and a peristaltic pump (for details see Ref.
6 and Supplemental Fig. S1; supplemental material for this article is
available online at the American Journal of Physiology Heart and
Circulatory Physiology website) filled with blood at room tempera-
ture. The heart was mounted onto a perfusion cannula and perfused
via the aorta. Blood perfusion was initiated at a rate of 3 ml/min, and
the temperature of the water jacket was gradually increased to 37°C.
The time between tissue harvesting and the onset of the perfusion
never exceeded 5 min. Blood was equilibrated with a precalibrated
humidified gas mixture containing 20% O2 (normoxia) or 5% O2
(hypoxia), 5% CO2, and balanced with N2 (PanGas, Basel, Switzer-
land). This concentration of oxygen in hypoxic gas mixture has been
chosen on the basis of our previous findings as the one causing a
pronounced autonomous response of the isolated heart but does not
cause irreversible damage within 1 h of exposure to it (6). Blood
gases, SO2, hematocrit, glucose, and the pH level were all controlled
during the perfusion, using the Stat Profile pOX Plus Blood Analyser
(Nova Biomedical, Waltham, MA). In addition, hematocrit was as-
sessed by means of microcapillary centrifugation. Glucose consump-
tion by erythrocytes and water loss from the organ chamber were
compensated for by supplementation of 1.1 mmol/l glucose (40 "l
from 140 mM stock solution) every 20 min. Blood pH, glucose
concentration, and hematocrit values (pH 7.42# 0.02, plasma glucose
5.5 # 1 mM plasma glucose, hematocrit 25–30%) were stable during
the 60 min of perfusion. Heart rate and ECG (aVL projection) were
continuously recorded with a Heart Rate Module (Hugo Sachs Elek-
tronik-Harvard Apparatus, March-Hugstetten, Germany) connected to
an analog-digital transducer (Power Lab; ADInstruments, Oxford-
shire, UK). Perfusion of the coronary vessels with hypoxic blood for
60 min caused a progressive decrease in the spontaneous heart rate
(Supplemental Fig. S2B), whereas heart rate of those perfused with
normoxic blood increased by 9%. An example of the original ECG
recordings from normoxic and hypoxic hearts is shown in Supple-
mental Fig. S2C.
After a 20-min restitution period, during which the contractile
function has been shown to stabilize, hearts were perfused for 1 h with
normoxic or hypoxic blood (SO2 98% or 35%, respectively, Supple-
mental Fig. S2A). Hearts were then cooled and the blood washed away
with ice-cold sucrose washing solution. Ventricular tissue was subse-
quently frozen in liquid nitrogen and later used to assess tissue Na,
K-ATPase activity, ATP, and reduced (GSH) and oxidized (GSSG)
glutathione levels. Samples were also collected for the analysis of the
tissue ion concentrations and water content in preweighed, predried
tubes and processed as described below.
Tissue ion and water content. Tissue water content and ion con-
centrations were monitored in blood-free ventricular samples. Gravi-
metric measurement of tissue water content was performed by assess-
ing wet and dry (80°C, for 72 h) weight of each sample and reporting
result as the percentage of water per wet weight. After being dried, the
samples were wet burned with ultrapure concentrated HNO3. The
tissue Na! and K! content was then determined using flame photom-
etry (IL-943; Instrumentation Laboratory, Bedford, MA). Results
were normalized to the dry weight of a sample.
Na, K-ATPase activity in ventricular tissue homogenates. Hydro-
lytic activity of the Na, K-ATPase was determined in ventricular
tissue homogenates from isolated blood-perfused hearts exposed to
normoxia or hypoxia (20 or 5% O2 in a gas phase) for 60 min. The Na,
K-ATPase hydrolytic activity was assayed as previously described
(39). Briefly, the ventricular tissue was homogenized in KCl-MOPS
buffer and was added to media containing 130 mM NaCl, 20 mM
KCl, 3 mM MgCl2, and 1 mM ouabain, according to experimental
protocol at 37°C for 10 min. In the presence of the saturating
concentrations of Na, K-ATPase substrate and ligands, the measured
enzymatic activity corresponded to the pseudomaximal ATP cleavage
rate, pseudo Vmax. The enzymatic ATP hydrolysis was initiated by
adding an ATP-HEPES-NaOH mixture at final concentrations of 3
mM and 30 mM, respectively, and allowed to proceed for 7 min. The
reaction was then stopped by adding ice-cold 4% formaldehyde in a
1.3 M sodium acetate solution buffered with acetic acid to pH 4.3.
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Samples were mixed with 100 !l of a SnCl2 solution (15 mg of SnCl2
in 5 ml of 0.002% acetic acid) and 100 !l of a 2% (NH4)2MoO4
solution in distilled water. After 15 min, a colored complex of
phosphate with Sn2" and (MoO4)2# was formed and evaluated by
measuring the optical density (660 nm, Lambda 25 spectrophotome-
ter; Perkin Elmer, Waltham, MA). Blank samples were either free of
cell lysates, or the lysates were added after the ATP hydrolysis was
stopped. Hydrolytic activity of Na, K-ATPase was calculated as a
difference in the rate of phosphate production in corresponding
ouabain-free and ouabain-containing sample pairs. Activity was nor-
malized to the amount of protein in the homogenate quantified using
a Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA).
Ex vivo assessment of the glucose utilization rate. The autoradiog-
raphy method used to assess the local rate of glucose utilization was
initially developed by Kuschinsky et al. (29) for in vivo studies. A
5-!l aliquot of the radiolabeled nonmetabolizible glucose derivative
14C-2-deoxyglucose (14C-2-DOG; Amersham International, Cardiff,
UK) from the stock (of 200 !Ci/ml) was added to blood. Aliquots (25
!l) of blood were collected at 5, 10, 20, 30, and 45 min of perfusion
and centrifuged (4,000 g for 3 min). Total plasma glucose content was
assessed in plasma samples (3 !l) using a blood Glucose Meter
(Ascensia Elite; Bayer, Basel, Switzerland). Also, plasma (10 !l) was
added to scintillation fluid (10 ml), and the amount of 14C-2-DOG was
determined using a scintillation $-counter (Tricarb 1000; Packard
Bioscience, Downers Grove, IL). After 45-min perfusion, the heart
was frozen in isopentane and kept at #20°C. Cryosections (20 !m)
were mounted on glass coverslips, thawed immediately, dried on a hot
plate (60°C), and exposed to film (MIN-R; Kodak, Jena, Germany) for
2 wk together with standards (American radio-labeled chemicals)
described in Ref. 29. The distribution of 14C-2-DOG within and
between the ventricles was determined using a densitometry camera
(cool SNAP camera from Sigma DG macro D), and the images were
processed using the Local Cerebral Glucose Utilization module of
MCID image analysis software (Cambridge, UK).
Assessment of local tissue calcium uptake. Calcium accumulation
in ventricular tissue was assessed by means of autoradiography.
Radioactive tracer (30 !l, 45Ca, specific activity %80.5 mCi/mmol,
&0.5 mCi/ml; Perkin Elmer) was added to blood at the onset of
perfusion. At the end of the perfusion period (60 min), hearts were
snap frozen in chilled isopentane (#20°C). Another experimental set
included the addition of ouabain (1 !M) and 45Ca to blood used to
perfuse the coronary vessels. After the 60 min of perfusion, the blood
was briefly washed out of the heart with an ice-cold sucrose-TRIS
solution, and the heart was snap frozen in chilled isopentane. The
heart was cut into sections (20 !m) and treated similarly to those
perfused with 14C-DOG and exposed to the film for 3 wk. The 45Ca
distribution fingerprints were analyzed as described above for 14C-
DOG.
GSH, GSSG, and ATP levels in myocardium. Tissue GSH, GSSG,
and ATP levels were assessed in blood-free ventricular tissue prepa-
rations. Frozen ventricular fragments (&0.1 g) were homogenized on
ice in KCl-MOPS buffer (100 mM KCl and 10 mM MOPS, pH 7.4
and deproteinized with 5% trichloracetic acid). After centrifugation (5
min, 9,000 g, at 4°C), an aliquot of the protein-free supernatant was
neutralized to a pH of &7 with TRIS-OH powder, and ATP was
assessed using an ATP Bioluminescent Assay Kit (FLAA; Sigma, St.
Louis, MO). The luminescence intensity in heart tissue samples and in
standard samples of known ATP content was monitored using a Sirius
luminometer (Berthold Detection Systems, Pforzheim, Germany).
Values were normalized to tissue wet weight. GSH and GSSG were
assessed in the protein-free supernatant using Ellmann’s reagent and
also normalized to sample wet weight (for details see Ref. 45).
Statistics and data analysis. Data are presented as means' SE, and
GraphPad Instat v.3.0 (GraphPad Software, San Diego, CA) was used
for statistical analyses. Data were analyzed using one-way ANOVA
followed by Bonferroni post hoc test. Because of the substantial
differences between the ventricles, the values obtained for the RV and
LV of the same heart were treated as independent entities. Signifi-
cance was accepted at P ( 0.05.
RESULTS
The anaerobic metabolic capacity of the ventricular tissue.
Glucose utilization rates in the ventricles of isolated rat hearts
perfused with normoxic and hypoxic blood were assessed
using autoradiography as exemplified in Fig. 1A. Somewhat
higher rates of glucose utilization were observed in LV than
RV (20.2 ' 1.8 vs. 15.6 ' 1.9 !mol·100 g#1·min#1, respec-
tively), in hearts perfused with normoxic blood (Fig. 1B).
Fig. 1. Local glucose utilization rates in different regions of normoxic and
hypoxic rat hearts were evaluated by autoradiography. A: left: scheme of tissue
sampling with the original results of 14C-2-DOG autoradiography in the
ventricles and apex as well as the organ-sectioning scheme. Right: exemplifies
the quantification of 14C-2-DOG in the ventricles using densitometric image
analysis software. The fire scale reveals regions of low (blue and green) and
high (yellow and red) 14C-2-DOG content. B: glucose utilization rates in the
ventricles and apex of isolated hearts perfused with normoxic (20% O2) or
hypoxic (5% O2,) blood for 1 h. **P ( 0.01 when compared with right
ventricle (RV) exposed to the same percent oxygen (n) 5–7 per group). #P(
0.05 and ###P ( 0.001 when compared with normoxic control tissue from the
same region. LV, left ventricle.
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These values were lower, but within the range of mean rates
previously reported in the hearts of normoxic conscious rats
(53 !mol·100 g"1·min"1 LV and 30 !mol·100 g"1·min"1 RV)
(29). Although hypoxia increased glucose utilization rates in
both ventricles, utilization rates were greatest in LV compared
with RV and apex (Fig. 1B).
Interventricular differences in glucose utilization rates in
hypoxic myocardium were mirrored by heterogeneity in
ATP content. Basal tissue ATP levels in the hearts obtained
fresh from normoxic in vivo and ex vivo preparations did
not differ between the ventricles. However, hypoxia caused
selective depletion of the tissue ATP in the RV, but not in
the LV (Fig. 2).
The redox state of ventricular tissue. Reduced and oxidized
glutathione were used as markers of the tissue redox state.
Tissue GSH content and the half-cell redox potential Ehc for the
GSH/GSSG couple {Ehc # "240 " (59.55/2)log([GSH]2/
[GSSG])} showed no interventricular variation in normoxic hearts
(Fig. 3, A and B). Exposure of rats for 1 h to 10% O2 resulted in
development of oxidative stress in the RV but not the LV because
of GSH depletion and a positive shift of the Ehc (Fig. 3A). On the
other hand, perfusion of the isolated rat hearts with hypoxic blood
was not accompanied by oxidation. On the contrary, it caused a
slight insignificant shift (P # 0.062 for the LV) in the GSH and
Ehc levels toward a more reduced state (Fig. 3B).
Ion and water balance in myocardial tissue. Ventricular
tissue Na$ content was measured in ventricles of hearts har-
vested from rats exposed to normoxia (air) or hypoxia (10%
O2) for 1 h and in isolated hearts perfused with normoxic or
hypoxic (5% O2) blood for 1 h (Fig. 4A). Tissue sodium
content in normoxic hearts in vivo was greater in the LV
compared with the RV. Hypoxia had no effect on the tissue
Na$ content in LV or RV (Fig. 4A). Sodium levels in the LV
of ex vivo hearts perfused with normoxic blood trended higher
but were not significantly higher than those in the RV (Fig.
4B). Hypoxia caused a significant rise in LV sodium content,
such that it was greater in LV compared with normoxic LV and
RV as well as hypoxic RV (Fig. 4B). Sodium accumulation in
the hypoxic LV was associated with K$ loss in both ventricles
ex vivo (Supplemental Fig. S3). However, there was no dif-
ference between RV and LV K$ during normoxia or hypoxia.
In accordance, tissue water content in the hypoxic heart did not
differ from that of normoxic heart (72.68 % 0.62 and 73.77 %
0.96% H2O/wet weight in normoxic and hypoxic hearts, re-
spectively, n # 8).
In search for the mechanism underlying heterogeneous ion
distribution between the ventricles, we have investigated the
contribution of Na, K-ATPase to the ion balance ex vivo.
Perfusion of hearts with normoxic blood containing low doses
(1 !M) of the Na, K-ATPase blocker, ouabain, caused selec-
tive accumulation of Na$ in the RV, suggesting that the latter
expresses higher levels of Na, K-ATPase, or at least its
ouabain-sensitive &2 isozyme (Fig. 5A). In ouabain-treated
hearts the existing interventricular differences in Na$ content
were eliminated. To confirm these observations, Na, K-ATPase
hydrolytic activity was assessed in tissue homogenates pre-
pared from RV and LV of rat hearts perfused with normoxic
blood. As shown in Fig. 5B, the rate of ATP cleavage by Na,
K-ATPase in the RV homogenate significantly exceeded that in
the LV. Hypoxia caused a massive reduction of Na, K-ATPase
activity in both ventricles and associated with Na$ accumula-
tion in the RV (Fig. 4B).
Increased myocardial sodium content triggers secondary
Ca2$ uptake by cardiomyocytes (40). We have observed in-
tracellular calcium accumulation associated with increase in
the RV Na$ content in ouabain-treated hearts using 45Ca2$ as
a tracer. Distribution of the tracer in the ventricles was homo-
geneous in control hearts but shifted after perfusion with the
Na, K-ATPase blocker. In ouabain-treated hearts, 45Ca2$ lev-
els in the RV exceeded those in the LV by 8.8 % 2.2% (n # 5,
P ' 0.001). Furthermore, ouabain-induced sodium accumula-
tion in the RV was associated with massive RV infarctions in
4 out of 12 hearts, whereas LV infarction was not observed.
DISCUSSION
Our data provide evidence for heterogeneity in the mainte-
nance glucose utilization and ion and redox balance in rat heart
ventricles, rendering the RV more sensitive to the hypoxia. The
observed heterogeneity likely originated from the differences
Fig. 2. Tissue ATP content was determined in differing regions of normoxic
and hypoxic rat hearts, in vivo and ex vitro. A: ATP concentration of the RV
and LV heart tissue homogenates obtained from rats after 1 h of exposure to
normoxia, (20% O2, n# 5) or hypoxia (10% O2, n# 5). B: ATP concentration
in the ventricles of isolated rat hearts perfused with normoxic (20% O2, n# 15
per group) and hypoxic (5% O2, n# 5 per group) blood for 45 min. #P' 0.05
when compared with LV exposed to the same percent oxygen. ww, wet weight.
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in developmental origin of the ventricular cardiomyocytes (7,
10) and from the different functional requirements these cells
present in an adult heart. Interventricular differences became
particularly pronounced under conditions of hypoxic stress
owing to the fact that the LV was less sensitive to hypoxic
insult than RV. Interventricular heterogeneity in hypoxic re-
sponses is rarely taken into account when designing therapeutic
strategies for the treatment of ischemic heart disease.
Effective glucose utilization is decisive for the preservation
of ATP levels in hypoxic myocardium (11, 12, 20, 44). We
have demonstrated limited capacity of the RV and apex for
upregulation of glucose utilization upon hypoxic stimulation
(Fig. 1). This limitation results in the inability of the RV to
maintain the ATP level in response to hypoxia (Fig. 2).
Because of the short period of hypoxic exposure, it is unlikely
that the observed increase in glucose utilization rate was linked
to the hypoxia-inducible factor-1-driven stimulation of de novo
production of glycolytic enzymes. Rapid increase in glucose
uptake in the LV could be mediated by recruitment of the
GLUT-4 glucose transporters to the sarcolemma. Further in-
vestigations are required to prove whether this is the case and
to delineate which of the factors listed in the recent review of
Patterson et al. (37) are mediating the response.
Apex-to-LV differences in glucose utilization rates similar
to those we have observed in hypoxic rat myocardium have
been reported in the hearts of patients during RV pacing (38).
In contrast to the RV-to-LV differences, those between the LV
and apex cannot be explained on the basis of the differences in
origin of cells. Cells contributing to the formation of the apex
mainly originate from the same precursor as the cells that make
up the LV, the cardiac crescent cells (10).
Anaerobic glycolysis does not only provide ATP for sar-
colemmal enzymes such as Na, K-ATPase (48) but also con-
tributes to the replenishment of NADH and NADPH pools.
The latter is used to maintain GSH levels and to convert GSSG
back into GSH in a reaction that is catalyzed by glutathione
reductase. Suppression of the glycolytic NADPH production
by pharmacological inhibition of glucose-6-phosphate dehy-
drogenase was shown to cause GSH depletion in isolated rat
cardiomyocytes (22). Reduction in GSH content was observed
in the RV of freshly harvested hearts where glucose utilization
rates are lower compared with the LV (Figs. 3 and 5A, and Ref.
24). We did not assess local changes in free radical production
in the ventricles directly and therefore can only speculate on
the heterogeneity in generation of prooxidative equivalents in
the ventricles under hypoxic stress conditions. The origin of
oxidative stress in hypoxic myocardium is still debated. Mito-
chondrial uncoupling (18) and reduction in NO production (30)
have been suggested to contribute to an increase in the H2O2
production under hypoxic conditions. Exposure of rats to
Fig. 3. GSH content and half-cell redox potential Ehc for the GSH/GSSG couple was calculated from the following equation: Ehc(mV) ! "240 "
(59.55/2)log([GSH]2/[GSSG]) in ventricular tissue. A: redox state parameters measured in the hearts of rats exposed to normoxia (air, n ! 5–7) or hypoxia (10%
O2, n ! 5–7) for 1 h before heart tissue was harvested. #P # 0.05 compared with the corresponding RV and ***P # 0.001 compared with the corresponding
normoxic control. B: tissue GSH content and Ehc values obtained for isolated hearts perfused with normoxic or hypoxic blood (n ! 5–12 per group).
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systemic hypoxia increases the myocardial mechanical load,
thereby boosting oxygen consumption (16). Pulmonary vaso-
constriction in response to hypoxia could contribute to the
oxidative stress observed in the RV in vivo, but not ex vivo. In
addition lower glucose utilization rates in RV could result in
lower NADH and NADPH production rates if our observations
on the glucose utilization ex vivo are also found in vivo.
One of the interesting and unexpected findings of the present
study is the heterogeneity of Na! levels and Na, K-ATPase
activity in the ventricles. The basal Na! content reflects a
balance between the contribution of passive transporters to the
uptake of Na! and that of the Na, K-ATPase in mediating the
active Na! extrusion. So far, interventricular heterogeneity in
ion channel expression has only been reported for K! channels
(2, 19, 25), but not for Na! channels. In the present study we
have not evaluated Na, K-ATPase expression levels but fo-
cused on its functional characteristics. The activity of this
enzyme depends on its isozyme composition, the phosphory-
lation, tyrosine nitration, S-nitrosylation, and S-glutathionyla-
tion of the catalytic and regulatory subunits, as well as the
availability of substrates and ligands (5). Our data indicate that
higher activity of Na, K-ATPase in the RV (Fig. 1C) is
responsible for the RV-to-LV heterogeneity in tissue Na!
content. LV-to-RV Na! gradient collapses in the heart per-
fused with ouabain, which is primarily blocking the ouabain-
sensitive "2-isozyme (IC50 1–5 # 10$7 M for the "2-%1 vs.
1–5 # 10$5 M for the "1-%1) in rodent myocardium (4, 24).
The "2-%1 isozyme plays a key role in Ca2! handling in the
heart muscle (23). Its inhibition by perfusion with ouabain
resulted in Na! and Ca2! accumulation in the RV (Fig. 1B).
Further studies are required to verify whether the interventric-
ular differences we have reported in rat heart are present in
human myocardium in which affinity of the "1 and "2 iso-
forms to ouabain differs by about fivefold (33). If results are
similar in human and rat tissue, caution should be taken when
Fig. 5. The role of Na, K-ATPase in ventricular heterogeneity of ion concen-
trations was evaluated in isolated perfused hearts. A: ouabain (1 &M) was
added to normoxic (Norm) blood perfusate to inhibit Na, K-ATPase, and
sodium concentrations were evaluated in RV and LV, (n ' 5–6 per group).
*P ( 0.05 when compared with normoxic RV. B: Na, K-ATPase activity was
evaluated in crude homogenates prepared from the RV and LV of hearts
perfused with normoxic blood (20% O2, n ' 14) and from both ventricles of
hearts perfused with hypoxic (Hyp) blood (5% O2, n ' 6). The corresponding
Na, K-ATPase activity range assessed in both ventricles of the normoxic heart
is shown as a hatched horizontal bar. The values are means ) SE. *P ( 0.01
compared with the values in normoxic RV. ###P ( 0.001 compared with
values in normoxic ventricular tissue homogenate.
Fig. 4. Sodium and potassium concentrations were evaluated in different
regions of normoxic and hypoxic rat hearts in vivo and ex vivo. A: Na! content
in the LV and RV of hearts isolated from the rats exposed to air (normoxia) or
10% O2 (hypoxia) for 1 h before the heart was harvested (n ' 6–10 per
condition). #P ( 0.05 when compared with RV exposed to the same percent
oxygen. B: Na! concentrations in the RV and LV of isolated rat hearts
perfused with normoxic (20% O2) or hypoxic (5% O2) blood for 1 h (n' 6 per
group). **P ( 0.01 when compared with normoxic LV, ##P ( 0.01 when
compared with hypoxic RV. dw, dry weight.
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using cardiac glycosides such as digitalis for the treatment of
heart failure and atrial fibrillation (32).
Coupling of the transmembrane Na! gradients with the size
of the Ca2! stores in sarcoplasmic reticulum of cardiomyo-
cytes, and hence with the contractile force amplitude, provides
a possible explanation for the observed transventricular differ-
ences in the tissue Na! content. Changes in the ventricular
tissue Na! levels were reported to result in a secondary
alteration of the potential for force generation (3, 43). Our
experiments were designed to assess the interventricular het-
erogeneity in short-term Ca2! uptake. We observed greater
Ca2! accumulation in the RV of the ouabain-treated hearts.
However, live imaging of Ca2! transients in cardiomyocytes
isolated from the RV and LV revealed that Ca2! reserves of the
RV and the LV differ (27). Furthermore, greater expression of
the Na!/Ca2! exchanger was reported in LV compared with
the RV in rat heart (14). Thus we hypothesize that interven-
tricular asymmetry in basal ventricular Na! concentrations
contributes to the RV-to-LV differences in developed peak
systole pressure (13).
Our findings, together with those reported in the literature,
reveal the existence of a delicate balance between the local
functional requirements, metabolic processes, and activity of
the Na, K-ATPase in rat cardiac tissue. The observed interven-
tricular differences indicate that the rat RV may be more prone
to hypoxic damage because of its inability to recruit sufficient
amounts of glucose as an alternative source of energy and
reducing equivalents. Conditions that suppress Na, K-ATPase
enzyme activity, such as hypoxia, have a greater effect on RV
stability because the RV is more reliant on the Na, K-ATPase
than the LV. Inability to match passive and active cation flux
components results in Na! overload.
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Summary   
 
This study was designed to compare hypoxic responses of the Na/K 
ATPase and oxygen-dependence of nitric oxide production in rat and trout 
myocardium. The obtained results indicate that Na/K ATPase in rat 
ventricular tissue is highly sensitive to even minor changes in blood 
oxygenation whereas in trout myocardium activity of this ion gradient-
keeping enzyme is essentially oxygen-insensitive. Furthermore, reduction 
in oxygenation triggers oxidative stress and reduction in NO production in 
rat myocardium whereas in trout heart tissue redox state is maintained and 




Vertebrates show a marked variety of myocardial responses to hypoxia. 
Whereas the majority of mammals fail to sustain cardiac output under 
hypoxic conditions fishes are capable to maintain it transiently (from 20 
min to weeks) even when anoxic. This profound resistance results from a 
balance between optimisation of the myocardial performance in order to 
provide oxygen delivery from the lungs/gills to the periphery and efficient 
protection of the myocardial tissue from the hypoxia-induced damage. In 
mammals reduction in oxygenation observed e.g. during local low-flow 
ischemia shifts the balance towards the local organ-based defence 
response resulting in condition known as myocardial hibernation [1]. 
Reduction in cardiac output following this pathological state may be life-
threatening; however it allows rapid restoration of the myocardial function 
upon reoxygenation. Fishes on the contrary are able to maintain cardiac 
output for minutes to weeks even under conditions of severe 
hypoxia/anoxia up to several-fold (3-fold in rainbow trout heart) increase 
in stroke volume compensates the reduction in heart rate [2] [3]. This 
physiological difference results from a remarkable elasticity of fish 
myocardium molecular basis of which remain obscure. Nothing is known 
about the structure and elasticity of fish titin the major lontitudal elastic 
element. Cardiac myomesin contributing to the vertical elastic axis 
appears to be longer in cardiac muscle compared to that in skeletal muscle 
of adult rainbow trout whereas in adult healthy mammals both muscles 
contain a single myomesin isoform [4] [5]. This is achieved by a 
remarkable increase in stroke volume along with reflex bradycardia  [3,2]. 
Along with remarkable elasticity fish myocardial sarcomeres, although not 
different in size from those of mammals when inactive, are capable to 
generate contractile force over significantly broader stretching distance 
compared to mammalian ones [6]. Peak tension generated by trout cardiac 
muscle increases greatly under hypoxic conditions  whereas only modest 
increase is reported in rat myocardial tissue [7]. Recent studies indicate 
that this increase in contractile force in fish heart results from the 
corresponding regulation of calcium handling and hypoxia-inducible 
calcium sensitization of contractile elements [8,9,6]. Mammalian hearts on 
the contrary respond do hypoxia (local or global) with acute reduction of 
contractile force and, when global, of heart rate. This adaptive response 
known as  hibernating myocardium protects the heart from acute damage 
and enables rapid restoration of the myocardial function upon 
reoxygenation [1]. Being protective for the heart, myocardial hibernation 
may become the cause of death as oxygen supply of the peripheral organs 
including the brain is thus endangered during hypoxic period.     
Molecular basis of these hypoxic responses remains unclear. One of the 
key players in control of electrical activity, calcium handling, and energy 
balance in the heart muscle is the Na/K ATPase. This ion transporter is 
oxygen- and redox-sensitive in mammalian excitable tissues [10]. 
Inhibition of the Na/K ATPase in hypoxic mammalian heart is well-
documented but the mechanisms involved in oxygen sensing by the 
transporter are unclear [11]. In ventricular tissue of crucian carp the Na/K 
ATPase activity is maintained during prolonged hypoxic treatment 
(weeks, [12,13]) with no information available for acute responses of the 
transporter to deoxygenation and no clues on the mechanism of this sound 
hypoxia tolerance of the enzyme.  
One of the possible trigger of hypoxia-induced suppression of the Na/K 
ATPase function is progressive oxidative stress in embryonic chicken 
cardiomyocytes [14,15]. Our recent studies show that nitric oxide plays a 
role of  second messenger messenger rendering the Na/K ATPase oxygen-
sensitive in rat cerebellar neurons [16]. Oxygen-induced responses of the 
Na/K ATPase in various cell types in both mammals and fishes are not 
associated with ATP depletion suggesting that changes in the intracellular 
ATP are not involved in oxygen-driven regulation of the transporter [16] 
[17] [18] .  
 
This study was designed to compare oxygen-sensitivity of the 
Na/K ATPase in trout and rat myocardium. We furthermore assessed the 
changes in tissue redox state and NO production in trout and rat 
ventricular tissue and plasma in response to the acute changes in 
oxygenation.  
 
Materials and Methods 
 
 Animals  
 Wistar rats (250-350 g (young animals) or 450-600 g (aged animals) were 
purchased from Janvier Breeding Center and kept on a commercial diet in 
the breeding facilities of the Institute of Veterinary Physiology. All 
experiments were performed in accordance with the Swiss animal 
protection laws and institutional guidelines. Animals were anesthetized 
with 5-3% halothane and heparinised. Thereafter 5-8 ml blood was 
collected from the vena cava and heart was harvested and placed in ice-
cold phosphate buffer after the animals were killed by decapitation. 
Closed circuit containing self-constructed mini-oxygenator (for details see 
[19]) was filled with blood and the heart perfused via aorta with blood 
oxygenated with either humidified normoxic (20%O2, 5% CO2 and 75% 
N2) or hypoxic (5% O2, 5% CO2 and 90% N2, when not stated otherwise) 
gas mixture at 37°C. Normoxic pre-equilibration lasting for 20 min was 
followed by 1 h of normoxic/hypoxic perfusion. For left ventricular 
pressure measurements balloon catheter was inserted into the left ventricle 
and connected to a pressure transducer with signal recoded using 
PowerLab data acquisition system (AD Instruments). Ventricular tissue 
was harvested after perfusion protocol was completed and used for 
measurement of the Na/K ATPase. 
 
Primary cultures of neonatal rat ventricular myocytes were prepared as 
described elsewhere [20].  Briefly, the hearts were harvested from the rats 
at postnatal days 3-4 and digested with a mixture of collagenase (11 
kU/100 ml, Worthington, type IV) and pancreatin (0.1g/100 ml, Sigma). 
After separation from myocardial fibroblasts using Percol gradient 
centrifugation the cardiomyocytes were plated on collagen-coated dishes 
and maintained in culture for 1-3 days.     
 
Rainbow trout (~ 300 g) were obtained from a local private fish farm 
(Andreas Zollinger, Riedikon, Zurich). Animals were randomly divided 
into two groups. One group of 6 fishes was used for the blood and heart 
harvest when fresh-captured and stunned by a sharp blow into the head 
whereas the second group of 6 fishes was kept in a tank with water flow 
stopped for 1 h and sampled thereafter serving as a hypoxic group [21].   
 
Tissue redox state assessment, detection of plasma NO2
- levels and 
measurements  
Samples for plasma NO2
- measurement were collected after centrifugation 
of ice-cooled heparinised blood and stored at -20°C. Nitrite detection was 
performed using chemiluminiscence detector (CLD-88, EcoMedica, 
Switzerland, for details see [22]).  Reduced and oxidized glutathione 
(GSH and GSSG respectively) were assessed in ventricular tissue 
homogenates prepared on ice using 150 mM KCl-10 mM MOPS-KOH 
solution (pH 7.4), deproteininsed with 1:1volume of 5% trichloracetic acid 
and using Ellmann’s reagent as described elsewhere [17].  
 
Assessment of the hydrolytic function of the Na/K ATPase in myocardial 
tissue 
Ventricular tissue was homogenised in homogenisation solution (0.25 M 
sucrose and 30 mM histidine, pH 7.1, tissue: buffer ratio 1:10) and used 
fresh or stored in liquid nitrogen. The rate of ATP cleavage by the Na/K 
ATPase was determined as a difference in inorganic phosphate (Pi) 
production in the presence and in the absence of 2 mM ouabain in the 
medium containing (mM): 130 NaCl, 20 KCl, 3 mM ATP, 3 mM MgCl2, 
0.09% saponin 30 imidazol (pH 7.5 at 37°C). The amount of Pi was 
assessed photometrically as it was quantitatively converted into coloured 
complexes with Sn2+ and molybdate (for details see [23]). The obtained 
values were related to the amount of protein in homogenate. Protein 
content was measured using Folin phenol reagent [24]. 
 
 
Results and Discussion 
Na/K ATPase and contractile force responses to hypoxia 
In rat myocardium hydrolytic activity of the Na/K ATPase is profoundly 
dependent on oxygen saturation of the circulating blood (Fig 1A).  About 
5-fold reduction in hydrolytic function of the enzyme in hypoxic rat 
myocardium occurring as oxygen saturation of hemoglobin reduced from 
96% to 35% was observed. In trout hearts hydrolytic activity of the Na/K 
ATPase remained unaffected by an hour of gradual hypoxic treatment 
when measured both at 13°C and 37°C (Fig 1B). Of note, absolute values 
of the ATPase hydrolytic activity in trout ventricular homogenate when 
measured at 37°C were about 10-fold lower than those in rat tissue under 
the same conditions. Decreasing the temperature of the ATPase activity 
assay to 13°C, which is considered normal environmental temperature for 
trout caused further two-fold reduction in activity of the enzyme. This low 
activity of the Na/K ATPase probably matches lower passive permeability 
of the trout membrane for Na+ and K+ concurring with the heart rate of 80-
100 beats/minute in trout vs 300-400 beats/minute in rat. Unfortunately, 
no data are available on the temperature-sensitivity of the Na/K ATPase 
function in trout heart. In crucian carp brain Q10 for the ATPase varied 
between 2 and 4 depending on the season [25]. Studies performed on the 
enzyme isolated from shark rectal gland and ox brain and kidney showed 
that the shark ATPase retained about 10% of its maximal activity at 13°C 
whereas the enzyme isolated from ox was fully suppressed at that 
temperature. At 37°C the Na/K ATPase isolated from the shark rectal 
glands was functioning with 95 % of maximal ATP cleavage rate whereas 
that of ox showed ~75% of maximal activity [26]. 
Decrease in activity of the Na/K ATPase in response to 
administration of low doses of cardiac glycosides is known to increase 
contractile force due to the accumulation of the intracellular calcium  [27]. 
Hypoxia-induced deactivation of the Na/K ATPase in rat myocardium on 
the contrary was followed by a rapid decrease in left ventricular pressure 
which may be rapidly reversed upon reoxygenation (Fig 2). Trout heart in 
contrast respond to hypoxic with an increase in contractile force and 
consequently of stroke volume [27]. Fishes were shown to increase 
developed force and stroke volume dramatically when exposed to hypoxia 
[2] . This response was partially caused by hypoxia-induced calcium 
sensitization [6]. Reduction in activity of the Na/K ATPase under hypoxic 
conditions would render the trout myocardium unstable and gradually 
depolarizing. This was clearly not the case as its activity occurred to be 
acutely oxygen-insensitive. Our data on the oxygen-sensitivity of the Na/K 
ATPase in rat cerebellar granule cells reveal a key importance of nitric 
oxide production in maintenance of the high enzyme activity[16]. We thus 
assessed the nitrite levels in trout and rat plasma as well as in rat 
cardiomyocytes as a function of oxygen availability.         
 
Nitrite pool and myocardial redox state in rat and trout  
Plasma and tissue nitrite levels are accepted as a marker of nitric oxide 
production in the organism [22]. In conscious rats NO2
- levels range 
between 150 and 250 nmol/l (our data and [22]) increasing to 522±40 
nmol/l when under deep Nembutal anesthesia when respiration is 
suppressed resulting in systemic hypoxia. Nitrite concentration in trout 
plasma ranges between 1963±405 nmol/l in normoxic animals to 
8591±548 in hypoxic ones. These data are close to the NOx levels 
reported by others [28]. Circulating nitrite may be rapidly converted into 
NO by deoxyhemoglobin and deoxymyoglobin comprising a pool of 
natural NO donor [29,30]. Due to high degree of trabeculation of the fish 
heart compared to mammalian heart [2] the surface for diffusion of blood-
born NO is significantly higher in trout heart compared to that of rodents 
keeping NO levels in myocardial tissue high particularly under hypoxic 
conditions.  
Nitric oxide synthases (NOS) are expressed in the myocardium 
contributing to the endogenous NO formation [31]. When not 
pathologically up-regulated, NOS may provide potent antioxidant 
protection to the myocardial tissue in particular exposed to ischemia-
reperfusion [32]. From the equations (1)-(4) it becomes evident that nitric 
oxide competes with superoxide dismutase (SOD) for superoxide anion 
preventing H2O2 and *OH formation: 
 
(1) O2 + e- (NAD(P)H oxidases) ! *O2- 
(2) O2+L-arginine (NOS) ! NO + citrulline 
(3) NO+*O2- ! ONOO- ! NO3- 
(4) *O2- + e- (SOD) ! H2O2 (Fe2+/Cu+) ! *OH + OH- 
 
Under hypoxic conditions NOS activity is limited as these enzymes 
require O2 as a substrate. Instead, nitrite conversion into NO by deoxy-
haemoglobin and deoxy-myoglobin is stimulated contributing to the 
maintenance of blood vessel tone and tissue redox balance.  
 
We assessed oxygen-sensitivity of NO production by neonatal rat 
cardiac myocytes (NRCs). Nitrite accumulation in the medium was 
significantly reduced in NRCs incubated at 3 or 1% O2 for 2h compared to 
that at 21%O2 (Fig 3).  In trout, nitric oxide production by myocardial 
tissue was up-regulated in response to hypoxia [33]. Of note, highest 
levels of NO production in fish ventricle were reported for compacta zone 
compared to the spongiosa zone (trabeculi) [33].      
  Measurements of the tissue glutathione levels were performed in 
ventricular tissue homogenate of hearts exposed to a short-term (1h) 
hypoxia or normoxia. As follows from the table 1, GSH content remained 
unchanged in hearts of the young animals although GSSG showed a trend 
to increase from 3.57±1.0% to 7.85±1.96% in response to hypoxic 
treatment. Ventricular tissue of the aged animals showed lower GSH 
compared to the young animals already under normoxic conditions with 
further substantial GSH deprivation triggered by deoxygenation. In trout 
myocardium no hypoxia-induced oxidative stress was observed. In trout 
ventricular tissue both GSH and GSSG levels were maintained unchanged 




The obtained results suggest that the ability to preserve or up-regulate NO 
production may play a decisive role in maintenance of redox balance in 
myocardial tissue under hypoxic conditions. High plasma NO2
- levels in 
trout are beneficial as they may be converted to NO when nitric oxide 
synthases function is jeopardised due to oxygen deficiency. Possible links 
between oxygen-sensitivity of the myocardial Na/K ATPase in rat, lack of 
oxygen/-induced regulation in trout myocardium and NO production are 
currently investigated. Such links have been previously demonstrated in 
rat cerebellar neurons [16].  
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Figure 1. Oxygen-sensitivity of the Na/K ATPase in rat and trout 
myocardium 
A: Rat hearts were excised and perfused with autologous blood 
equilibrated with gas containing 5% CO2; 3, 5, 10, 15 or 20% O2 in N2 for 
one hour. Hemoglobin oxygen saturation in blood used for perfusion was 
measured using CO-oximeter (IL-492, Instrumentation Laboratory AG). 
Thereafter hydrolytic activity of the Na/K ATPase was determined in 
crude homogenate at 37°C (for details see Materials and methods). The 
obtained data were plotted against the SO2 values and curve fitting was 
performed using the following equation: y=(a+b)/(b+cx) with a=129±7.0, 
b=-116.95±13.9, c=1.16±0.13, y(1/2)=90.2.  Each point represents the 
mean of 5-8 experiments ± SD. B: Rainbow trout were exposed to a 
gradual hypoxia for one hour and hydrolytic activity of the Na/K ATPase 
was assessed in crude myocardial homogenate at 13°C and 37°C. Data are 
means of 4-6 independent heart samples ±SD. 
 
  
Figure 2. Original recording of the left ventricular pressure (LVP) in 
isolated blood-perfused heart 
  
Balloon catheter was inserted into the left ventricle of the isolated rat heart 
perfused with autologous blood via aorta and LVP recorded continuously. 
Prior to entering the coronaries blood was warmed to 37°C and  
equilibrated with gas phase consisting of 20% O2,  5% CO2, the rest N2 
resulting in haemoglobin oxygen saturation (SO2) of 98%. Arrows mark 
the time points when oxygen level in gas phase was reduced to 5% (SO2 of 
35%) and thereafter restored to the original 20% O2.     
 
Figure 3. Oxygen-dependence of nitrite production by neonatal rat 
cardiomyocytes 
  
Cells were exposed to either 21% O2 (normoxia) or 1% O2 (hypoxia) for 
two hours. Accumulation of nitrite in the incubation medium was used as 
a marker of nitric oxide production. Data are means ± SD for 6 
independent experiments. * denotes p<0.05 and *** stands for p<0.001 







Table 1.GSH content in rat ventricular tissue 
 
Values are means of 5-8 experiments expressed in !mol/mg wet weight 
±SD. * denotes p<0.01 compared to the corresponding normoxic control; 
# indicates p<0.01 between the old and the young animals. 
 



















































Table 1 GSH content in ventricular tissue  
Age group 20% O2 5% O2 
Young(6-10 weeks) 1.73±0.08 1.77±0.13 
Old (≥20 weeks) 1.51±0.02# 0.82±0.05#* 
Values are expressed in !mol/mg ww. * denotes p<0.01 compared to the 
corresponding normoxic control, # indicates p<0.01 between young and 
old animals  
 
 
        
Table 2  
GSH and GSSG levels in trout ventricular tissue  
 
 Normoxia Hypoxia 
GSH, nmol/mg protein 3.10±0.97 3.28±0.73 
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